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ABSTRACT 
 Utilizing both 16S and 18S rRNA sequencing alongside energetic calculations 
from geochemical measurements offers a bridged perspective of prokaryotic and 
eukaryotic community diversities and their relationships to geochemical diversity. 
Yellowstone National Park hot spring outflows from varied geochemical compositions, 
ranging in pH from < 2 to > 9 and in temperature from < 30°C to > 90°C, were sampled 
across the photosynthetic fringe, a transition in these outflows from exclusively 
chemosynthetic microbial communities to those that include photosynthesis. Illumina 
sequencing was performed to document the diversity of both prokaryotes and eukaryotes 
above, at, and below the photosynthetic fringe of twelve hot spring systems. Additionally, 
field measurements of dissolved oxygen, ferrous iron, and total sulfide were combined 
with laboratory analyses of sulfate, nitrate, total ammonium, dissolved inorganic carbon, 
dissolved methane, dissolved hydrogen, and dissolved carbon monoxide were used to 
calculate the available energy from 58 potential metabolisms. Results were ranked to 
identify those that yield the most energy according to the geochemical conditions of each 
system. Of the 46 samples taken across twelve systems, all showed the greatest energy 
yields using oxygen as the main electron acceptor, followed by nitrate. On the other hand, 
ammonium or ammonia, depending on pH, showed the greatest energy yields as an 
electron donor, followed by H2S or HS
-
. While some sequenced taxa reflect potential 
biotic participants in the sulfur cycle of these hot spring systems, many sample locations 
that yield the most energy from ammonium/ammonia oxidation have low relative 
abundances of known ammonium/ammonia oxidizers, indicating potentially untapped 
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sources of chemotrophic energy or perhaps poorly understood metabolic capabilities of 
cultured chemotrophs.  
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Figure 1.1. The transition to 
photosynthesis in Yellowstone hot 
spring outflows in temperature-pH 
space (top) and temperature-sulfide 
space (bottom). Dotted lines represent 
the photosynthetic fringe. Filled in 
symbols indicate visual 
photosynthesis; open symbols indicate 
no visual photosynthesis (Cox et al., 
2011). 
Introduction 
 Yellowstone National Park sits above an active volcanic system and is located 
mostly in Wyoming, USA, with some portions of 
the park in Montana and Idaho. Heat from a mantle 
plume that feeds a magma chamber beneath the 
park supports over 12,000 geothermal features, 
including hot springs, geysers, mud pots, and 
fumaroles (Nordstrom et al.,  2005).  Each of these 
features is unique in its geochemical properties 
according to the conditions that the water 
underwent before reaching the surface; as such, 
Yellowstone hosts features with a wide range of 
pH, temperature, dissolved gas and ion 
concentrations (Shock et al., 2010). According to 
these geochemical conditions, then, different 
organisms have adapted to survive in even the most 
seemingly inhospitable environments.  
 Within hot spring ecosystems, some springs 
produce an outflow (OF) whose geochemistry, and 
thus its microbiology, change as it is exposed to the 
atmosphere for an extended period. Sometimes, these outflows host photosynthetic 
communities, should the geochemical conditions be conducive. For example, the 
temperature limits for photosynthesis have been studied for decades in Yellowstone 
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Figure 1.2. The photosynthetic fringe in 
four different hot spring systems in 
Yellowstone, denoted by a green arrow 
(from Boyd et al., 2012).  
(Weed 1889; Setchell 1903; Kempner 1963; among others), with ~74°C being the upper 
limit (Brock 1967, 1968). This upper temperature limit decreases at acidic conditions, 
however, and sulfide has also been shown to hinder photosynthetic activity (Cox et al., 
2011, Figure 1.1; Boyd et al., 2012). Cox et al. (2011) determined that sulfide 
concentrations decreasing down hot spring outflows occurred at rates too high to be 
accounted for by abiotic processes, and therefore microbial sulfide oxidation may 
contribute to determining conditions under which photosynthesis is possible. Boyd et al. 
(2012) determined that temperature, pH, and sulfide together account for 66% of the 
variation in the distribution of photosynthetic organisms; as such, other geochemical 
factors likely contribute to determining whether or not photosynthesis is geochemically 
viable.  
Outside of the geochemical range of photosynthesis, chemosynthetic 
microorganisms utilize energy from redox reactions to survive. Shock et al. (2010), for 
example, quantified many inorganic energy sources available for chemotrophs in hot 
springs across Yellowstone. In hot spring 
outflow systems, the boundary between 
completely chemosynthetic communities and 
communities that include phototrophic 
organisms is called the photosynthetic fringe 
(Cox et al., 2011). At times, this transition is 
visually identifiable through the coloration of 
pigments used by phototrophs (Figure 1.2), 
though lack of visual pigmentation does not 
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necessarily determine the absence of photosynthesis.  
Because hot spring systems are complex both geochemically and biologically, 
each affects the other in a way that forms chemical cycles, such as those involving 
nitrogen. As an essential element in the synthesis of amino acids, proteins, and nucleic 
acids, nitrogen cycling has a crucial role in living organisms. In hot springs, some 
microbes are capable of fixing atmospheric nitrogen, an important step in making 
nitrogen biologically available; these microbes contain nif genes that code for enzymes 
like nitrogenase, which is responsible for nitrogen fixation. Analysis of nif genes in hot 
springs has been documented by Nishihara et al. (2018), and some specifically in 
Yellowstone, including Havig et al. (2011), Hamilton et al. (2011), and Loiacono et al. 
(2012). Fixed sources of nitrogen like ammonia, nitrate, and nitrite can be used for 
biomass as well as for chemotrophic metabolisms once made readily available. For 
example, ammonia oxidizing archaea have been documented in hot springs in 
Yellowstone (Hamilton et al., 2014); the US Great Basin (Dodsworth et al., 2011); 
Tengchong, Yunnan, China (Chen et al., 2016); Iceland and Kamchatka (Reigstad et al., 
2008); and the Austrian Central Alps (Gerbl et al., 2014). The available energy for 
ammonia oxidation from these organisms may at least in part due to nitrogen fixation by 
other microbes in the system. In Yellowstone, ammonium can also be abiotically sourced 
from rock through which the hot spring water has travelled (Holloway et al., 2011), 
creating both microbial and geological roles on the metabolic capabilities of communities 
living in these hot spring systems.  
 Although studies on extremophilic prokaryotes in hot spring systems are 
extensive, the same cannot be said for eukaryotes. The paradigm that eukaryotes are 
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poorly suited to extreme environments compared to bacteria and archaea has stunted 
research in this field. Oliverio et al. (2018) studied protist communities in the Taupō 
Volcanic Zone in New Zealand, focusing on gradients in pH and temperature. They 
found that there were large amounts of protist diversity even at high temperatures, 
although pH extremes were associated with relatively low protist diversity. Amaral-
Zettler (2013) studied the diversity of eukaryotes in systems with a pH from 2 to 11, 
determining that although the diversity was low, eukaryotic adaptation to acidic and 
alkaline environments was evident.  
The present study documents prokaryotic and eukaryotic communities in 
chemosynthetic and photosynthetic areas of hot spring outflows across a wide range of 
geochemical conditions. Additionally, the geochemical energy available for 58 
chemosynthetic metabolisms in these systems was calculated using thermodynamic data 
and concentrations of dissolved oxygen, ferrous iron, total sulfide, sulfate, nitrate, total 
ammonium, dissolved inorganic carbon, dissolved methane, dissolved hydrogen, and 
dissolved carbon monoxide. Due to the complexity of the systems used in this study, 
Figures 1.3-1.5 were created to introduce schematics of the hot spring orientations and 
the trends seen in the energy available and solute concentrations in these systems down 
their outflows. The diversity of hot spring outflow systems is idealized to yield the 
schematic options in Figure 1.3, which are referred to in subsequent discussions of each 
spring system studied. Variations in energy supplies along hot spring outflow channels 
are discussed with reference to the schematic changes shown in Fig 1.4. Variations in 
solute concentrations along hot spring outflow channels are discussed with reference to 
the schematic changes shown in Fig 1.5. 
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Figure 1.3. Schematics of some hot 
spring outflow types. Blue zones 
represent non-photosynthetic areas 
of the photosynthetic fringe, and 
green zones represent photosynthetic 
areas of the photosynthetic fringe. 
Dotted lines indicate water is being 
sourced from upstream. Outflow 
Type A is the single source, single 
stream model in which one hot 
spring source forms one outflow 
channel. Type B is the single source, 
braided stream model, in which one 
hot spring source forms and outflow 
channel of interwoven channels. 
Type C is the multi-source, single 
stream model, in which multiple hot 
spring sources converge to form one 
outflow channel. This opens up the 
possibility of multiple photosynthetic 
fringes for each source, as seen here. 
Type D is the multi-source, braided 
stream model in which multiple hot 
spring sources converge to form 
interwoven outflow channels.  
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Figure 1.4. Schematics of some 
energy trajectories down hot spring 
out flows (from right to left). (A) 
Available energy increases down the 
outflow. This could be due to no 
microbial utilization of the energy 
supply, or the production of reactants 
occurs at a faster rate than reactant 
take-up. (B) Available energy 
remains constant down the outflow. 
It is possible that reactant uptake and 
utilization occur at similar rates. (C) 
Available energy decreases down the 
outflow. Both microbial use of 
energy and abiotic processing of 
energy are plausible. 
 
 
 
 
 
 
Figure 1.5. Schematics of some trends of 
solute concentration down hot spring 
outflows (flowing from right to left). (A) 
Solute concentration increases relatively 
steadily down the outflow. This could be 
due to biotic and/or abiotic oxidation or 
reduction of the solute’s original form as it 
travels down an outflow. (B) Solute 
concentration initially decreases, then 
increases at a certain point of the outflow. 
The initial decrease may be due to biotic or 
abiotic consumption of a solute, though the 
sharp increase in concentration is likely 
due to a new microbial community 
producing that solute faster than its 
consumption. Sometimes this 
concentration continues to increase from 
that point, and sometimes, as in schematic 
B, the concentration begins to decrease, 
either do to an increase in biotic 
consumption of that solute or a decrease in 
its production. (C) Solute concentration 
decreases down the outflow. Though there 
may be some biotic or abiotic production 
of this solute, its consumption rate is 
higher. In such cases the geological source 
is more responsible for the concentration 
of this solute than biotic sources.  
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Table 2.1. Twenty geochemical 
variables and their 
corresponding LDA 
coefficients.  
Methods 
Sample Collection – Linear Discriminate Analysis 
   The 46 samples analyzed in this project were 
collected in July and August of 2014 across twelve hot 
spring systems within Yellowstone National Park (permit # 
YELL-2014-SCI-5434). See Figure 2.1 for a map of these 
sample locations. At each of the twelve systems at least 
three samples were taken, one to represent the dominantly 
chemosynthetic side of the photosynthetic fringe (or 
“above”), one to represent the photosynthetic fringe itself 
(or “at”), and one to represent the dominantly 
photosynthetic side of the photosynthetic fringe (or 
“below”). In some cases, more than three samples were collected to gain a broader view 
of microbial transitions in these environments. Sample locations were determined using 
both visual identification of microbial pigmentation and linear discriminate analysis 
(LDA), a statistical method for separating samples with multivariate data into classes 
(Venables and Ripley, 2002; Ripley, 1996). In this case, twenty geochemical variables 
were selected based on perceived relevance to biology and used with LDA to separate 
samples from previous Yellowstone sampling years in to “photosynthesis present” and 
“photosynthesis absent” classes based on corresponding visual confirmation of 
photosynthetic pigmentation. LDA analysis was performed using the “lda” function 
included in the MASS package for R statistical software (R Core Team, 2013; Venables 
and Ripley, 2002). Discriminant analysis determined coefficients for each of  
Geochemical 
variable 
LDA coefficient 
pH 1.028376e-01 
Conductivity 6.769305e-05 
Temperature -6.124925e-02 
DIC 2.036597e-04 
DOC 7.199453e-03 
Dissolved oxygen 1.746049e-01 
Fe
+2
 -2.010117e-02 
S
-2
 -9.361252e-05 
PO4
-3
 -2.242169e-02 
NH4
+
 -1.615499e-02 
Co -2.014497e-02 
W 2.439361e-03 
Ni 2.389909e-02 
Cu 2.890227e-03 
Zn -2.767779e-03 
Cd -7.146818e-01 
Pb -2.350942e-02 
As -2.351995e-04 
Mg -2.567493e-05 
Mo -6.345513e-03 
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the twenty geochemical variables (see Table 2.1), which could then be applied to the 
linear equation  
𝐿𝐷𝐴 𝑠𝑐𝑜𝑟𝑒 = 𝐶𝛼(𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝛼) + 𝐶𝛽(𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝛽) … 
where Cα represents the LDA coefficient of parameter α, parameter α stands for a 
geochemical measurement (made either the day of sampling or collected from past 
Figure 2.1. Eight areas across Yellowstone National Park from which samples were taken are shown 
in red numbers. (1) Crater Hills, (2) Amphitheater Springs, (3) Sylvan Springs, (4) Norris Geyser 
Basin, (5) Greater Obsidian Pool Area, (6) Geyser Creek, (7) Sentinel Meadows, and (8) Rabbit Creek 
North.   
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measurements), and the LDA score is the value assigned to a sample representing its 
predicted tendency to be photosynthetic (larger positive values) or non-photosynthetic 
(larger negative values), with zero indicating the average LDA of the two groups. An 
LDA score of 0.13 was used as a predictor of the photosynthetic fringe itself rather than 
zero because it was the smallest shift possible to maximize the correct classification of 
photosynthetic and non-photosynthetic samples taken in previous years. Negative values 
of the LDA coefficients may imply a detrimental geochemical effect on photosynthesis; 
for example, likely reasons why the LDA coefficient for temperature is negative are the 
stringent temperature constraints on the biochemical possibility of photosynthesis. The 
magnitudes of coefficients cannot be directly compared because they depend on the 
various units of measurement used for their corresponding geochemical variables.  
 At sites where photosynthetic pigmentation was visually identifiable, a sample 
was taken at the photosynthetic fringe itself, and a sample was taken from an arbitrary 
location below the fringe. LDA was used to sample geochemically equidistant from the 
“below” site to an “above” site on the other side of the fringe. In other words, the LDA 
score was calculated for the sampled photosynthetic site and the fringe site using real-
time measurements (temperature, conductivity, and pH) combined with measurements 
made in the past for that hot spring, and a location with a corresponding negative LDA 
score was found using the same real-time measurements. For example, if the fringe 
sample was determined in the field to have an LDA score of 0.10 and the photosynthetic 
sample below the fringe had an LDA score of 0.45, a location above the fringe with an 
LDA score of -0.25 was then sampled because -0.25 and 0.45 are both the same 
magnitude away from 0.10. In cases where the photosynthetic fringe was not visually 
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identifiable, the aforementioned LDA score of 0.13 was employed to locate where a 
fringe would be expected. A sample was then taken below the fringe, and the same LDA 
process was used to locate a geochemically equidistant sample above the fringe.  
To collect biological samples, sediment from hot spring outflow channels was 
gathered with a sampling dipper, from which the sediment was divided into three 2.0 mL 
cryovials using a sterilized spatula.  Each cryovial had 0.8 mL of sucrose lysis buffer 
(Mitchell and Takacs-Vesbach 2008) to preserve the DNA, so ~1.2 mL worth of 
sediment was added to each. Once collected, samples were stored on dry ice until they 
were transported to -80°C freezers to await further analysis.  
Primer Sets 
 The primer sets used in this research were 515FB 
(GTGYCAGCMGCCGCGGTAA) and 806RB (GGACTACNVGGGTWTCTAAT) for 
16S analysis (Walters et al. 2015), and 565F (CCAGCASCYGCGGTAATTCC) and 
981R (ACTTTCGTTCTTGATYRA), also called EukV4F/R or TAReukVF/R, for 18S 
analysis (Stoeck et al. 2010). These primers were chosen based on analyses using the 
SILVA TestPrime program, which evaluates the performance of primer pairs by running 
in silico PCRs on the SILVA databases. These primer sets provided the highest database 
coverage for 16S and 18S, respectively, among those considered for this project.  
DNA Extraction and Sequencing 
 DNA was extracted from the 46 Yellowstone samples using the 
ZymoBIOMICS® Miniprep DNA Kit. This particular kit was chosen after comparing 
extraction yields between it and the MpBiomedical’s FastDNA™ SPIN Kit for Soil. 
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Figure 2.2. NanoDrop spectra 
results from the 
ZymoBIOMICS® Miniprep 
DNA Kit (A)and the 
MpBiomedical FastDNA™ 
SPIN Kit for Soil (B). The 
ZymoBIOMICS® extraction 
kit exhibited higher DNA 
yields and lower contaminant 
peaks, while the 
MpBiomedical extraction kit 
exhibited lower DNA yields 
A 
B 
Table 2.2. First steps of the PCR protocol used to 
prepare for sequencing. 
According to triplicate runs of NanoDrop Microvolume Fluorometry, the latter extracted 
less DNA from the samples than the former, and it also had a significantly higher 
contaminant peak at 230 nm, potentially due to less filtering of PCR inhibitors like 
phenols, proteins, and carbohydrates (see Figure 2.2).  
 
Once the DNA was extracted, a two-step PCR protocol was followed to prepare for 
Illumina MiSeq 300x2 sequencing. In the first step, the PCR was run with the conditions 
listed in Table 2.2. The total PCR 
volume for each sample was 25 µL, 
which includes 5.50 µL of PCR water, 
12.50 µL of EconoTaq™, 2.5 µL of 
the forward primer (10 mM), 2.5 µL of 
the reverse primer (10 mM), and 2 µL 
of template DNA. After thermal 
cycling, DNA amplification was 
Table 
2.2 
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Table 2.3. First steps of the PCR protocol used to prepare 
for sequencing. 
verified using gel electrophoresis. Samples were purified using the Agencourt® 
AMPure® PCR purification protocol. Conditions used in the second PCR step are listed 
in Table 2.3. The total PCR volume for each sample was once again 25 µL, which  
includes 7.50 µL of PCR water, 12.50 
µL of EconoTaq™, 2.5 µL of fusion 
primer working  
solution (with total primer 
concentration at 10 µM), and 2 µL of 
template DNA. Again, DNA 
amplification was checked using gel 
electrophoresis, and samples were 
purified again. Samples were then quantified using a plate reader and the Qubit dsDNA 
HS (High Sensitivity) Assay kit. Depending on how much DNA was measured, the 
samples were pooled to ensure uniform nucleic acid concentration across all samples. 
Normalization was achieved by adding 25 ng of each dual-indexed sample to a single 
tube. The DNA was then sequenced at Arizona State University’s Biodesign Institute 
using Illumina MiSeq 300x2.  
Metabolic Energy Calculations 
The maximum free energy theoretically available for any given reaction can be calculated 
using 
∆𝐺𝑟 = ∆G𝑟
° + 𝑅𝑇 ln(𝑄𝑟) 
Table 2.3 
PCR Step T Time 
Initial Denaturation 95 °C 3 minutes 
Repeated 
8x with 
ramp rate 
1°C/s 
Denaturation 95 °C 30 seconds 
Annealing 50 °C 30 seconds 
Extension 72 °C 50 seconds 
Final Extension 72 °C 10 minutes 
Storage 4 °C - 
Table 
2.3 
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where 
∆G𝑟
° = −𝑅𝑇 ln(𝐾𝑟) 
∆G𝑟
°  stands for the standard Gibbs free energy of reaction r, R indicates the gas constant, 
T represents temperature in Kelvin, and Qr stands for the reaction quotient: 
𝑄𝑟 = ∏ 𝑎𝑖
𝑣𝑖,𝑟
𝑖
 
where ai represents the activity of the i
th
 reactant or product, and vi,r stands for the 
stoichiometric reaction coefficient of the i
th
 chemical species in reaction r, which is 
negative for reactants and positive for products. As the activities of each reactant or 
product for a given reaction approach equilibrium, Qr approaches Kr, which corresponds 
to the proportions of products and reactants that would exist if the system did reach 
equilibrium.  
The out-of-equilibrium distance between products and reactants can be quantified 
as affinity:  
𝐴𝑟 = − (
𝛿∆𝐺
𝛿𝜉𝑟
)
𝑃,𝑇
 
which is defined as the negative partial derivative of the change in Gibbs free energy 
(𝛿Δ𝐺) with respect to the progress of the ith reaction towards equilibrium (𝛿𝜉𝑟), or the 
change in energy as Qr converges to Kr . Combining the above equations gives the 
following, which is used in all subsequent energy calculations: 
𝐴𝑟 = 𝑅𝑇 ln (
𝐾𝑟
𝑄𝑟
)  
14 
 
     As quantified in this study, the value of 𝐴𝑟 has units of joules/mole and represents the 
thermodynamic drive of the reactants and products to reach equilibrium. In this context, 
the moles refer to moles of reaction turnover, or a complete iteration of the reaction with 
the given stoichiometry. Because 𝐴𝑟 is an extensive property, if reaction stoichiometry is 
doubled, so is 𝐴𝑟. Dividing by the stoichiometric number of electrons transferred yields 
the affinity per electron transferred in the reaction, 
𝐴𝑒 = (
𝐴𝑟
𝑒𝑟−
) 
where 𝐴𝑒 represents the joules associated with each electron transferred, thus making 𝐴𝑒 
an intensive property independent of reaction stoichiometry. 
The energy available from a reaction in a given volume of fluid can be evaluated 
by accounting for the number of electrons transferred and the concentrations of limiting 
reactions via 
𝐸 =  𝐴𝑒𝑒𝑡𝑟𝑎𝑛𝑠
−  
where 
𝑒𝑡𝑟𝑎𝑛𝑠
− = [𝑙𝑖𝑚]𝑒𝑙𝑖𝑚
−  
and 
𝑒𝑙𝑖𝑚
− =  (
𝑒𝑟
−
𝑆𝑙𝑖𝑚
) 
where 𝑒𝑟
− indicates the number of potential electrons transferable within the 
stoichiometry of the full reaction as written, 𝑒𝑡𝑟𝑎𝑛𝑠
−  stands for the maximum quantity of 
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electrons capable of being transferred if component concentrations are applied to reaction 
r, [lim] represents the concentration of the reactant which is limiting in either its donation 
or acceptance of electrons, and 𝑆𝑙𝑖𝑚  stands for the stoichiometric reaction coefficient 
associated with the limiting reactant in reaction r. Note that 𝑒𝑙𝑖𝑚
−  will not equal 𝑒𝑟
−, the 
number of electrons present in the reaction as written, as the quantity of transferable 
electrons is limited by the reactant with a limiting concentration according to reaction 
stoichiometry. Considering the concentrations of potential electron donors and acceptors 
present, one will be exhausted before the others unless they exist in the exact 
stoichiometric ratio as written in the reaction. Combining the previous four equations 
yields 
𝐸 =  (
𝐴𝑟
𝑒𝑟−
) [𝑙𝑖𝑚] (
𝑒𝑟
−
𝑆𝑙𝑖𝑚
) 
which simplifies to 
𝐸 =  (
𝐴𝑟[𝑙𝑖𝑚]
𝑆𝑙𝑖𝑚
) 
The amount of energy available for the total number of transferable electrons in a given 
reaction is equal to the affinity of that reaction 𝐴𝑟 multiplied by the concentration of the 
limiting reactant [lim] divided by the stoichiometric reaction coefficient for that limiting 
reactant within the reaction. Units of energy are measured in calories per kilogram of 
water. The reactions on which these calculations were run can be found in Table 2.4.  
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  Reaction number Electron transfer Metabolic reaction 
Reaction 1 4e
-
 2H2 + O2  2H2O 
Reaction 2 8e
-
 H2S + 2O2  SO4
2-
 + 2H
+
 
Reaction 3 8e
-
 HS
-
 + 2O2  SO4
2-
 + H
+
 
Reaction 4 8e
-
 NH4
+
 + 2O2  NO3
-
  + 2H
+
 + H2O 
Reaction 5 8e
-
 NH3 + 2O2  NO3
-
  + H2O + H
+
 
Reaction 6 4e
-
 2CO + O2  2CO2 
Reaction 7 4e
-
 2CO + O2 + 2H2O  2HCO3
-
 + 2H
+
 
Reaction 8 4e
-
 2CO + O2 + 2H2O  2CO3
2--
 + 4H
+
 
Reaction 9 2e
-
 2CH4 + 3O2  2CO + 4H2O 
Reaction 10 8e
-
 CH4 + 2O2  CO2 + 2H2O 
Reaction 11 8e
-
 CH4 + 2O2  HCO3
-
 + H
+
 + H2O 
Reaction 12 8e
-
 CH4 + 2O2  CO3
2-
 + 2H
+
 + H2O 
Reaction 13 8e
-
 SO4
2-
 + 4H2 + 2H
+  H2S + 4H2O 
Reaction 14 8e
-
 SO4
2-
 + 4H2 + H
+  HS- + 4H2O 
Reaction 15 8e
-
 H2S + NO3
-
 + H2O  SO4
2-
 + NH4
+
  
Reaction 16 8e
-
 HS
-
 + NO3
-
 + H2O + H
+
  SO4
2-
 + NH4
+
  
Reaction 17 8e
-
 H2S + NO3
-
 + H2O  SO4
2-
 + NH3 + H
+
 
Reaction 18 8e
-
 HS
-
 + NO3
-
 + H2O  SO4
2-
 + NH3 
Reaction 19 8e
-
 SO4
2-
 + CH4 + H
+
  H2S + H2O + HCO3
-
 
Reaction 20 8e
-
 SO4
2-
CH4  HS
-
 + H2O + HCO3
-
 
Reaction 21 8e
-
 SO4
2-
 + CH4 + 2H
+
  H2S + 2H2O + CO2 
Reaction 22 8e
-
 SO4
2-
 + CH4 + H
+
  HS- + 2H2O + CO2 
Reaction 23 8e
-
 SO4
2-
 + CH4  H2S + CO3
2-
 + H2O 
Reaction 24 8e
-
 SO4
2-
 + CH4  HS
-
 + CO3
2-
 + H2O + H
+
 
Reaction 25 8e
-
 NO3
-
 + 4H2 + 2H
+
  NH4
+
 + 3H2O 
Reaction 26 8e
-
 NO3
-
 + 4H2 + H
+
  NH3 + 3H2O 
Reaction 27 8e
-
 NO3
-
 + CH4 + 2H
+
  NH4
+
 + CO2 + H2O 
Reaction 28 8e
-
 NO3
-
 + CH4 + H
+
  NH4
+
 + HCO3
-
 
Reaction 29 8e
-
 NO3
-
 + CH4  NH4
+
 + CO3
2-
 
Reaction 30 8e
-
 NO3
-
 + CH4 + H
+
  NH3 + CO2 + H2O 
Reaction 31 8e
-
 NO3
-
 + CH4  NH3 + HCO3
-
 
Reaction 32 8e
-
 NO3
-
 + CH4  NH3 + CO3
2-
 + H
+
 
Reaction 33 8e
-
 CO2 + 4H2  CH4 + 2H2O 
Reaction 34 8e
-
 HCO3
-
 + 4H2 + H
+
  CH4 + 3H2O 
Reaction 35 8e
-
 CO3
2-
 + 4H2 + 2H
+
  CH4 + 3H2O 
Reaction 36 6e
-
 CO + 3H2  CH4 + H2O 
Reaction 37 6e
-
 4CO2 + H2O  CH4 + 3CO2 
Reaction 38 6e
-
 4CO + 5H2O  CH4 + 3HCO3
-
 + 3H
+
 
Reaction 39 6e
-
 4CO + 5H2O  CH4 + 3CO3
2-
 + 6H
+
 
Reaction 40 2e
-
 CO + H2O  H2 + CO2 
Reaction 41 6e
-
 CO2 + H2O  H2 + HCO3
-
 + H
+
 
Reaction 42 6e
-
 CO2 + H2O  H2 + CO3
2-
 + 2H
+
 
Reaction 43 8e
-
 4CO + SO4
2-
 + 2H
+
  4CO2 + H2S 
Reaction 44 8e
-
 4CO + SO4
2-
 + H
+
  4CO2 + HS
-
 
Reaction 45 8e
-
 4CO + SO4
2-
 + 4H2O  4HCO3
-
 + H2S + 2H
+
 
Reaction 46 8e
-
 4CO + SO4
2-
 + 4H2O  4HCO3
-
 + HS
-
 + 3H
+
 
Reaction 47 8e
-
 4CO + SO4
2-
 + 4H2O  4CO3
2-
 + H2S + 6H
+
 
Reaction 48 8e
-
 4CO + SO4
2-
 + 4H2O  4CO3
2-
 + HS
-
 + 7H
+
 
Reaction 49 24e
-
 4CO + 3H2S + 8H2O  3SO4
2-
 + 4CH4 + 6H
+
 
Reaction 50 24e
-
 4CO + 3HS
-
 + 8H2O  3SO4
2-
 + 4CH4 + 3H
+
 
Reaction 51 8e
-
 4CO + NO3
-
 + 2H
+
 + H2O  4CO2 + NH4
+
  
Reaction 52 8e
-
 4CO + NO3
-
 + H
+
 + H2O  4CO2 + NH3 
Reaction 53 8e
-
 4CO + NO3
-
 + 5H2O  4HCO3
-
 + NH4
+
 + 2H
+
 
Reaction 54 8e
-
 4CO + NO3
-
 + 5H2O  4HCO3
-
 + NH3 + 3H
+
 
Reaction 55 8e
-
 4CO + NO3
-
 + 5H2O  4CO3
2-
 + NH4
+
 + 6H
+
 
Reaction 56 8e
-
 4CO + NO3
-
 + 5H2O  4CO3
2-
 + NH3 + 7H
+
 
Reaction 57 24e
-
 3NO3
-
 + 4CH4 + 6H
+
  4CO + 3NH4
+
 + 5H2O 
Reaction 58 24e
-
 3NO3
-
 + 4CH4 + 3H
+
  4CO + 3NH3 + 5H2O 
Table 2.4. 58 reactions analyzed for energy yield in this study. 
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Results 
 The taxonomic and energy results that follow are organized into three sections 
based on where their taxonomically defined photosynthetic fringes fell on the T-pH 
figure from Cox et al. 2011. The three sections are: on or near the Cox et al. fringe line, 
beyond the limit of the Cox et al. fringe line, and below the limit of the Cox et al. fringe 
line. See Figure 3.1 as a reference.  
 
Several criteria were used in this study when assigning taxa to the sample 
sequences. Taxonomies were assigned based on the cultured sequences in the NCBI 
database (Altschul et al., 1990) that had the highest identity to the sequence from our 
samples. The match had to have a query cover of 100%; if it did not, then an uncultured 
sequence in the database with the highest identity and a query cover of 100% was used 
Figure 3.1. 46 samples analyzed in this study in T-pH space. The photosynthetic fringe line from Cox et 
al. (2011) is superimposed upon these samples. The photosynthetic fringes of each of the 12 hot spring 
systems is identified with a green dashed line. “Photosynthesis possible” and “No photosynthesis” areas 
are as defined by the Cox et al. (2011) study.  
No photosynthesis 
Photosynthesis 
possible 
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Legend 3.2. Color scheme for 
energetic comparisons in 
Figures 2.44-2.55.  
Legend 3.1. Color scheme for 
oxidants and reductants in 
Figures 2.44-2.55.  
instead. If two sequences in a sample were assigned to the same taxon but each had a 
different identity match to the database, the two are considered two different taxonomic 
assignments. Taxa with less than 1% relative abundance were combined into a single 
“Other” category. Bolded horizontal lines at each sample location in the 16S taxonomy 
figures represent the cutoff between archaea (below the line) and bacteria (above the line) 
in the community. Color schemes remain consistent between all 16S figures and between 
all 18S figures. The order of the colors in the legends matches the order the colors in the 
bars. 
Each hot spring system has a figure that shows the reactions that provide at least 
5% of the total energy available of at least one sample location in that system. See Table 
2.1 for a detailed list of the reactions. Vertical dotted lines represent the photosynthetic 
fringe for each of the twelve systems according to 16S and 18S sequencing results. 
Missing symbols indicate sample locations where at least one measurement relevant to 
that specific reaction were not made or were below detection 
limit. Multiple reactions that are combined into a single line all 
have the same energy availabilities down the outflow; the 
available energy, then, is not added together from each reaction 
to create that line, but rather imagine there are multiple 
individual lines stacked upon one another.  
Each hot spring system also has figures showing the 
percent energy yield at its sample 
locations according to the 
oxidants and reductants; Legends 
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3.1 and 3.2 are used for the those figures. The bar charts on the left and middle of each 
figure depict the composition of the energy availabilities as percentages based on the 
oxidants and reductants present at each hot spring system. Energies from all reactions 
were summed to yield the total energy available and percentages for each oxidant or 
reductant at each site. On the right of each graph is the total energy (cal kg
-1
) available at 
each sample location based on the 58 reactions considered (Table 2.4) shown as the black 
portion of the bar compared to the highest energy availability across all 46 sample 
locations shown by the length of the white part of the bar. 
 
Systems That Fell On or Near the Cox et al. (2011) Photosynthetic Fringe Line 
 Using the T-pH figure from Cox et al. (see Figure 1.1 in this paper), the 46 
samples in this study were compared to the designated photosynthetic fringe in that 
geochemical space. Those systems that had photosynthetic fringes on or very near that 
line (see Figure 3.1) are described in this section both with regards to their taxonomy and 
their available energy. Five of the twelve hot spring systems analyzed in this study fall 
under this category: Bison Pool, Rabbit’s Nest, Old Blue Eyes, Peekaboo, and Mound 
Spring. These systems’ photosynthetic fringes, then, do not stray from the known T-pH 
maximum of phototrophs in hot spring systems. 
 
Bison Pool 
Bison Pool is a circumneutral to slightly alkaline (pH 7.6-8.3) hot spring system 
that falls under the single source, single stream outflow schematic (see Figure 1.3). It is 
located in the Sentinel Meadows area of Yellowstone (see Figure 2.1). There are five 
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samples representing this system. Bison Source and OF 0.5 are in the chemosynthetic 
zone of the system. OF 1, though originally believed to be in the chemosynthetic zone, 
turned out to be at the photosynthetic fringe, nearly reaching the temperature maximum 
of photosynthesis at 73.1°C. OF 2 was originally believed to be at the photosynthetic 
fringe, though it and OF 3 are now considered to be below the photosynthetic fringe. This 
discrepancy is due to the visual identification of photosynthesis; though OF 2 was where 
visual photosynthesis began, OF 1 had small abundances of active phototrophs whose 
pigments were not as readily visible. 
 Bison Pool has been studied previously by various parties. Meyer-Dombard et al. 
(2005) performed both microbial and geochemical analyses on Bison Pool and other hot 
spring systems in Yellowstone. At Bison Pool, 16S rRNA analyses revealed archaeal 
populations of predominantly Desulfurococcales and Thermoproteus, as well as bacterial 
populations of predominantly Thermocrinis and other members of Aquificales. Their 
sample location is located most closely to OF 0.5 in this study. In Meyer-Dombard et al. 
(2011), ecotones in Bison Pool and other hot spring systems are described, particularly 
with reference to streamer biofilm communities (again, like those present at OF 0.5 in 
this study). Havig et al. (2011) performed carbon and nitrogen isotopic analyses as well 
as metagenomic analyses on samples down the outflow of Bison Pool, demonstrating a 
potential nitrogen limitation in upstream, chemosynthetic areas of the outflow.  
 
16S Analysis 
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Figure 4.1. 16S rRNA sequencing results from the Bison Pool hot spring system. The two Eubacterium, 
uncultured Thermoproteales archaeon clone, and “Candidatus Caldiarchaeum subterraneum” 
assignments were to the same sequence in the NCBI database, but matched at different identities.  
 
Bison Source (T = 92.2°C) is above the photosynthetic fringe of the outflow. The 
largely dominant taxon is Thermocrinis ruber (56.4% relative abundance). T. ruber is a 
hyperthermophilic bacterium that is been isolated from pink filamentous streamers in 
another hot spring in Yellowstone National Park, Octopus Spring. It can use hydrogen, 
thiosulfate, elemental sulfur, formate, and formamide as electron donors and oxygen as 
an electron acceptor (Huber et al., 1998).  Interestingly, bisulfide oxidation is yields the 
most energy at this sample location (see Figure 4.3), though of this list of electron donors 
only hydrogen was measured.  
Bison OF 0.5 (T = 83.5°C) is above the photosynthetic fringe of the outflow. 
Again, the largely dominant taxon is Thermocrinis ruber (57.7% relative abundance), 
though “Eubacteria EM3” also constitutes 20.2% relative abundance. “Eubacteria EM3” 
was also detected at Octopus Spring in Yellowstone National Park and is a deeply 
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branching representative of Thermotogales (Reysenbach et al., 1994). Both T. ruber and 
“Eubacteria EM3” are known to be part of pink streamer communities, which were 
present at Bison OF 0.5.  
Bison OF 1 (T = 73.1°C) is at the photosynthetic fringe of the outflow, with a 
prokaryotic photosynthetic community relative abundance of 8.5%. Eubacterium (24.6% 
relative abundance) and “Candidatus Caldiarchaeum subterraneum” (16.8% relative 
abundance). Though the genus Eubacterium is typically considered a part of human flora 
(Lee et al., 2012), this particular strain was detected in another hot spring in Yellowstone 
National Park (Ward et al., 1992). “Candidatus Caldiarchaeum subterraneum” was 
detected at all five sample locations, but it was most abundant at OF 1; it is an 
uncultivated archaeon collected from subsurface thermophilic microbial mats, believed to 
have metabolic capabilities similar to thaumarchaeotic species (Takami et al., 2015). 
Bison OF 2 (T = 69.3°C) is located below the photosynthetic fringe of the 
outflow, and hosts a prokaryotic photosynthetic community with a relative abundance of 
34.2%. The dominant taxa are Thermus sp. HR13 (22.8% relative abundance), 
Synechococcus (33.0% relative abundance), and Eubacterium (22.9% relative 
abundance). Members of the genus Thermus are typically isolated from hydrothermal 
areas, the first of which being Yellowstone. The metabolic capabilities of the genus as a 
whole are many, including using nitrate, ferric iron, and elemental sulfur as terminal 
electron acceptors (Da Costa et al., 2006). This specific strain of Thermus has been 
studied for its ability to oxidize As(III) to As(V) in the presence of oxygen and respire 
As(V) in the absence of oxygen (Gihring and Banfield 2001). The genus Synechococcus 
consists of unicellular cyanobacteria that can be found in environments ranging from 
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marine to terrestrial hot springs like those in Yellowstone National Park. Cyanobacteria 
like these are expected to be the dominant phototrophs of alkaline systems instead of the 
algae more common in acidic systems (Miller and Castenholz 2000). 
Bison OF 3 (T = 50.8°C) is located below the photosynthetic fringe of the 
outflow, and hosts a prokaryotic photosynthetic community of four taxa with a total 
relative abundance of 34.2%. The dominant taxa are Synechococcus (25.9% relative 
abundance), Roseiflexus (16.5% relative abundance), and Eubacterium (19.4% relative 
abundance). Roseiflexus is a photosynthetic bacterial genus that uses bacteriochlorophyll 
a and γ–carotene pigments. Members are typically found in alkaline hot spring 
environments, including those in Yellowstone National Park (van der Meer et al., 2010).  
 
18S Analysis 
Figure 4.2. 18S rRNA sequencing results from the Bison Pool hot spring system. The two Halamphora 
catenulafalsa assignments are assigned to two different sequences in the NCBI database.  
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18S rRNA sequences were detected at OF 0.5 and at OF 3. However, the gap in 
18S sequences between OF 0.5 and OF 3 makes it likely that those detected at 0.5 were 
exogenous or contaminant, so they were not included in these results. The largely 
dominant taxon at OF 3 is Peridinium wisconsinense (50.2% relative abundance), a 
freshwater dinoflagellate not yet documented in any hot spring environment (Nicholls 
1973, McCarthy et al., 2018).  
 
Energy Analyses 
Figure 4.3. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Bison Pool hot spring system. Energy from ammonium and ammonia 
oxidation (Reactions 4 and 5, respectively) decrease down the outflow until below the 
photosynthetic fringe, where energy spikes at OF 2, then decreases again at OF 3. Bisulfide 
oxidation (Reaction 3) yields the most energy at the source and OF 0.5. This energy sharply 
decreases at and below the fringe. Energy from H2S oxidation (Reaction 2) decreases down the 
outflow.  
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Bisulfide oxidation with oxygen offers the most energy at and above the 
photosynthetic fringe. However, this energy decreases down the outflow, so below the 
fringe, ammonia and ammonium oxidation with oxygen yields more energy. Though 
there are phototrophs at OF 1, their relative abundance increases significantly at OF 2 and 
OF 3, which may explain why energy Reactions 4 and 5 did not increase until then. This 
increase in available energy from ammonium/ammonia oxidation in the photosynthetic 
areas of the outflow match the nitrogen stable isotope values and the presence of nitrogen 
fixation genes in the same areas as described by Havig et al. (2011), suggesting fixation 
of nitrogen as a source of ammonium and ammonia in those sample locations. The energy 
decrease at OF 3 may be caused by less ammonium and ammonia production, or an 
increase in their consumption. In the Bison Pool system, both ammonia and bisulfide 
yield more energy than ammonium and H2S, demonstrating a shift in the dominant 
species according to pH. In this system, Reactions 2 and 3 are best represented by 
Schematic C from Figure 1.4. Reactions 4 and 5, though more complex, have an overall 
increase in energy, categorizing them under Schematic A. There are no known H2S or 
HS
-
 nor ammonia or ammonium oxidizers in the Bison Pool system, emphasizing the 
possibility of incomplete understanding regarding hot spring microbe metabolic 
capabilities. 
Oxygen is the major oxidant across all five sites of Bison Pool; most of the 
remaining energy supply is accounted for by nitrate, which reaches a maximum percent  
energy yield of 14.7% at OF 1. The contributions of reductants to the energy supply are 
dominated by H2S and HS
-
 at the source, OF 0.5, and OF 1; at OF 2 and OF 3, the 
predominantly photosynthetic areas, ammonia and ammonium have the highest reductive 
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energy. CO contributes 22.1% of the reductive energy at OF 1, but the total energy 
available at that site is extremely low. Interestingly, 18.9% of the energy at OF 3 comes 
from methane; since this is far down the outflow, it may be that there are methanogens 
active in this part of the outflow, though no known methanogens were detected at >1% 
relative abundance. Additionally, there were no known H2S or HS
-
 nor ammonia or 
ammonium oxidizers detected in the Bison Pool system. The greatest chemosynthetic 
energy available at Bison Pool is at the source (0.81 cal kg
-1
).  
  
Figure 4.4. Percent energy yielded at each sample location of Bison Pool according to the 
oxidant and reductant. Total energy (cal kg-1) at each sample location is also shown. Notice that 
energy from H2S oxidation decreases significantly after OF 1.  
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Rabbit’s Nest 
Rabbit’s Nest is an alkaline (pH 8.7) hot spring system that falls under the single 
source, single stream outflow schematic (see Figure 1.3). It is located in the Rabbit Creek 
North area of Yellowstone (see Figure 2.1). There are three samples representing this 
system. OF 1 is in the chemosynthetic zone of the system, OF 2 was visually determined 
as the photosynthetic fringe, and OF 3 is in the photosynthetic zone of the outflow.  
 
16S Analysis 
Rabbit’s Nest OF 1 (T = 77.6°C) is above the photosynthetic fringe of the 
outflow. The dominant taxa are Coprothermobacter (11.8% relative abundance), 
Thermofilum uzonense (11.9% relative abundance), and “Candidatus Caldiarchaeum 
subterraneum” (37.4% relative abundance). Members of the genus Coprothermobacter 
are anaerobic, thermophilic bacteria that produce hydrogen, acetic acid, and CO2 from 
fermentation (Rainey and Stackebrandt 1993). Some species have also been shown to 
reduce thiosulfate to H2S (Gagliano et al., 2015). Thermofilum uzonense is a 
hyperthermophilic archaeon isolated from the Uzon Caldera in Russia (Toshchakov et al., 
2015). Its optimal growth conditions are at 85°C and at pH 6.0-6.5, both of which do not 
quite match with Rabbit’s Nest OF 1.   
Rabbit’s Nest OF 2 (T = 70.8°C) is at the photosynthetic fringe of the outflow, 
with a prokaryotic photosynthetic relative abundance of 32.6%. This is completely 
composed of the cyanobacterial genus Synechococcus. The other two dominant taxa are 
the arsenite oxidizing Thermus sp. HR13 (20.8% relative abundance) and Eubacterium 
(21.6% relative abundance), a community similar to Bison Pool OF 2. 
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Figure 4.5. 16S rRNA sequencing results from the Rabbit’s Nest hot spring system. The two 
Eubacterium, “Candidatus Nitrosocaldus yellowstonii”, and “Candidatus Caldiarchaeum subterraneum” 
assignments were to the same sequence in the NCBI database, but matched at different identities. The 
five Synechococcus assignments were all to different sequences in the NCBI database.  
 
Rabbit’s Nest OF 3 (T = 66.8°C) is below the photosynthetic fringe of the 
outflow, with a prokaryotic photosynthetic community relative abundance of 56.8%. The 
dominant taxa are Synechococcus (18.2% relative abundance), the photosynthetic 
bacterium Roseiflexus (25.3% relative abundance), and Eubacterium (16.4% relative 
abundance). OF 3 is the only location of the three in this system where there are no 
“Candidatus Caldiarchaeum subterranum” detected; its steady decrease in abundance 
down the outflow potentially indicates a loss of metabolic energy availability, though this 
species’ metabolic capabilities have not yet been researched. 
 
18S Analysis 
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Figure 4.6. 18S rRNA sequencing results from the Rabbit’s Nest hot spring system.  
 
18S rRNA sequences were not detected at OF 1 or OF 2. At OF 3, the two most 
dominant taxa are the diatom Halamphora catenulafalsa (20.5% relative abundance) and 
Labronema ferox (25.1% relative abundance). L. ferox is a nematode that lives in soils 
and is predacious on living prey, including algae (Thorne 1939). 
 
Energy Analyses 
 Ammonia oxidation with oxygen offers the most energy at all sample locations of 
Rabbit’s Nest. This is followed by ammonium oxidation with oxygen. Both increase 
down the outflow, perhaps due to nitrogen fixation and ammonia/ammonium production 
in the photosynthetic zone. Bisulfide oxidation with oxygen and nitrate was only 
measureable at OF 2; the sulfide levels at OF 1 and OF 3 were below detection limit. This 
and Figure 8 (discussed later) are the only systems in which oxidation by nitrate yields 
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Figure 4.7. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Rabbit’s Nest hot spring system. Energy from ammonium and ammonia 
oxidation (Reactions 4 and 5, respectively) increase down the outflow. Bisulfide oxidation 
(Reactions 3 and 18) was only measurable at OF 2.  
>5% of the available energy, although that energy is <0.05 cal kg
-1
 in both cases. At 
Rabbit’s Nest, Reactions 3 and 4 are best represented by Schematic A from Figure 1.4. 
Reactions 5 and 18 have barely detectable levels of sulfide if at all, so they most closely 
resemble Schematic B. There are no known H2S or HS
-
 oxidizers in the Rabbit’s Nest 
system. The only known ammonia or ammonium oxidizer is “Candidatus Nitrosocaldus 
yellowstonii,” though its relative abundances are low.  
Oxygen is the major oxidant and ammonia is the major reductant across all three 
Rabbit’s Nest sample locations. CO contributes 18.5% of the reductive energy at OF 1. 
Energy from sulfide oxidation is only available at OF 2 (15.3%) because sulfide levels at  
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OF 1 and OF 3 were below detection limit. The greatest energy available is 0.36 cal kg
-1
 
at OF 3. OF 1 has the least available energy across all 46 sample locations: only 0.10 cal 
kg
-1
. 
 
Old Blue Eyes 
Old Blue Eyes is an alkaline (pH 8.8) hot spring system that falls under the single 
source, single stream outflow schematic (see Figure 1.3). It is located in the Rabbit Creek 
North area of Yellowstone (see Figure 2.1). There are three samples representing this 
system. OF 1 is in the chemosynthetic zone of the system, OF 2 was visually determined 
as the photosynthetic fringe, and OF 3 is in the photosynthetic zone of the outflow.  
 
Figure 4.8. Percent energy yielded at each sample location of Rabbit’s Nest according to the oxidant 
and reductant. Total energy (cal kg-1) at each sample location is also shown. 
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Figure 4.9. 16S rRNA sequencing results from the Old Blue Eyes hot spring system. The two 
Eubacterium and “Candidatus Caldiarchaeum subterraneum” assignments were to the same sequence in 
the NCBI database, but matched at different identities.  
16S Analysis 
Old Blue Eyes OF 1 (T = 76.9°C) is above the photosynthetic fringe of the 
outflow. The dominant taxa are Thermocrinis ruber (46.3% relative abundance) and 
Thermus sp. HR13 (23.0% relative abundance). Neither of these taxa is known to oxidize 
bisulfide, which yields the most energy of the 58 reactions included in this study (see 
Figure 4.11).  
  
Old Blue Eyes OF 2 (T = 72.8°C) is at the photosynthetic fringe of the outflow, 
with a prokaryotic photosynthetic relative abundance of 24.7%. This is completely 
composed of the cyanobacterial genus Synechococcus. The other two dominant taxa are 
Thermus sp. HR13 (21.9% relative abundance) and Eubacterium (27.2% relative 
abundance). All three of these dominant taxa are the same as those at Bison Pool OF 2 
and Rabbit’s Nest OF 2, indicating similar community structures between systems with 
similar geochemical conditions.  
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Figure 4.10. 18S rRNA sequencing results from the Old Blue Eyes hot spring system. The two 
Cylindrocystis assignments were matched at different sequences in the NCBI database.  
Old Blue Eyes OF 3 (T = 69.5°C) is below the photosynthetic fringe of the 
outflow, with a prokaryotic photosynthetic community relative abundance of 20.7%. 
Again, this is completely composed of Synechococcus. Thermus sp. HR13 (18.2% 
relative abundance) and Eubacterium (20.1% relative abundance) remain the dominant 
taxa at this sample location as well. Like Rabbit’s Nest, OF 3 is the only location of the 
three in this system where there are no “Candidatus Caldiarchaeum subterranum” 
detected. 
 
18S Analysis 
18S rRNA sequences were not detected at OF 1 or OF 2. At OF 3, there is a high 
diversity of 22 eukaryotic taxa. Of these, the diatom Halamphora catenulafalsa has the 
highest relative abundance at 18.9%.   
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Figure 4.11. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Old Blue Eyes hot spring system. Energy from bisulfide oxidation (Reaction 
3) decreases down the outflow. Energy from ammonia oxidation (Reaction 5) increases slightly at 
the photosynthetic fringe, then decreases below. 
Energy Analyses 
 
Bisulfide oxidation with oxygen offers the most energy at all sample locations in 
Old Blue Eyes. This is the only system thus far in which sulfide oxidation yields more 
energy than ammonia or ammonium oxidation at all sample locations. The slight rise in 
energy from ammonia oxidation at OF 2 may be due to N fixation in the photosynthetic 
zone, though the decrease at OF 3 may indicate ammonia production is low when 
compared to its consumption. In this system, Reaction 3 is best represented by Schematic 
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C from Figure 1.4. Reaction 5 is most closely represented by Schematic A, although the 
rise in energy availability when comparing OF 1 and OF 3 is low.  
 
Oxygen is the major oxidant and bisulfide is the major reductant across all three 
Old Blue Eyes sample locations. Energy from ammonia and ammonium oxidation 
increases down the outflow, with the most at OF 3 (22.3%). This is the first system in 
which all sample locations have sulfide as the most energy-yielding reductant. There are 
no known ammonium or ammonia oxidizers in this system. The greatest energy available 
is 1.64 cal kg
-1
 at OF 1.  
 
Peekaboo 
Figure 4.12. Percent energy yielded at each sample location of Rabbit’s Nest according to the oxidant 
and reductant. Total energy (cal kg-1) at each sample location is also shown. 
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Figure 4.13. 16S rRNA sequencing results from the Peekaboo hot spring system. The two Eubacterium 
and “Candidatus Caldiarchaeum subterraneum” assignments were to the same sequence in the NCBI 
database, but matched at different identities. The “Candidatus Nitrosocaldus yellowstonii” is one of two 
sequence matches to the database with different percent identities.  
Peekaboo is an alkaline (pH 9.0) hot spring system that falls under the single 
source, single stream outflow schematic (see Figure 1.3). It is located in the Rabbit Creek 
North area of Yellowstone (see Figure 2.1). There are three samples representing this 
system. OF 1 is in the chemosynthetic zone of the outflow, OF 2 was visually determined 
as the photosynthetic fringe, and OF 3 is within the photosynthetic zone of the system.  
 
16S Analysis 
 
Peekaboo OF 1 (T = 78.2°C) is above the photosynthetic fringe of the outflow. 
The dominant taxa are Thermus sp. HR13 (14.1% relative abundance), Eubacterium 
(10.6% relative abundance), “Candidatus Caldiarchaeum subterranum” (30.3% relative 
abundance). All of these taxa are also present or even dominant in the Old Blue Eyes,  
 
37 
 
Rabbit’s Nest, and Bison Pool systems, again reflecting the relationship of the microbial 
community structure to geochemical conditions. 
 Peekaboo OF 2 (T = 73.0°C) is at the photosynthetic fringe of the outflow, with a 
prokaryotic photosynthetic relative abundance of 18.9%, which is completely composed 
of the cyanobacterial genus Synechococcus. The other dominant taxon is Thermus sp. 
HR13 (18.1% relative abundance). Notice the large relative abundance of “Other,” 
indicating a complex community of microbes, each of which making up a small part of 
the population. 
Peekaboo OF 3 (T = 69.5°C) is below the photosynthetic fringe of the outflow, 
with a prokaryotic photosynthetic community relative abundance of 29.8%. It is primarily 
composed of Synechococcus, which has a relative abundance of 25.7%, with populations 
of Roseiflexus (1.7% relative abundance) and Chloroflexus (2.4% relative abundance) as 
well. Thermus sp. HR13 (24.8% relative abundance) and Eubacterium (12.6% relative 
abundance) remain the dominant taxa at this sample location as well, with another large 
part of the community composed of taxa with <1% relative abundance.  
 
18S Analysis 
18S rRNA sequences were detected at OF 1, OF 2, and OF 3; however, the high 
temperatures of these sample locations warrants caution when considering the results. 
The dominant taxon at OF 1 is Chlamydomonas concordia, an alga isolated from oyster 
ponds in France, whose conditions are nowhere near that of Peekaboo (Green et al., 
1978). At OF 2, the dominant taxa are the diatom Halamphora catanulafalsa (21.7% 
relative abundance) and the predacious nematode Labronema ferox (23.8% relative 
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Figure 4.14. 18S rRNA sequencing results from the Peekaboo hot spring system.  
abundance). H. catanulafalsa becomes the dominant taxon at OF 3 (27.9% relative 
abundance).  
 
Energy Analyses 
Ammonia oxidation with oxygen offers the most energy at all sample locations in 
the Peekaboo system. Energy yields increase at the photosynthetic fringe at OF 2, then 
decrease at OF 3, a pattern similar to Old Blue Eyes. This is the first system in which CO 
oxidation by oxygen (Reactions 6-8) and by nitrate (Reactions 53-56) contribute a 
significant amount of energy relative to the system. Though the CO concentrations are 
not significantly higher than in other systems, the low amount of energy available at 
Peekaboo makes even small energy contributions significant. Reactions 6-8 and 53-56 are 
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Figure 4.15. Reactions that contribute greater than 5% of the total energy available of at least 
one sample location in the Peekaboo hot spring system. Energy from ammonia oxidation 
(Reaction 5) increases at the photosynthetic fringe, then decreases below. Energy from 
ammonium oxidation (Reaction 4) increases slightly down the outflow. Energy from CO 
oxidation (Reactions 6-8 and 53-56) decreases slightly down the outflow. 
 
best represented by Schematic C from Figure 1.4. Reaction 5 is most closely represented 
by Schematic A, although the rise in energy availability when comparing OF 1 and OF 3 
is low. Reaction 4 follows Schematic B, making this system the first in which all three 
schematics are represented. Like previous systems, here are no known HS
-
 or 
ammonia/ammonium oxidizers in the Peekaboo system.  
 Oxygen is the major oxidant and ammonia is the major reductant across all three 
Peekaboo sample locations. However, nitrate contributes a considerable amount of 
oxidative energy as well, especially at OF 1 (26.0%). This system is the only one sampled 
where CO yields such a significant portion of the reductive energy; at OF 1 especially, it 
contributes 56.4% of the energy. In spite of this, Reaction 5 yields more energy than any 
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Figure 4.16. Percent energy yielded at each sample location of Peekaboo according to the oxidant and 
reductant. Total energy (cal kg-1) at each sample location is also shown. Notice the large percent of 
energy from CO oxidation and the lack of energy from sulfide oxidation. 
 
single CO-oxidizing reaction in this system (see Figure 4.19). Energy from ammonia and 
ammonium oxidation is also important, with the most at OF 2 (70.4%). This is the only of 
the twelve hot spring systems in which sulfide oxidation yields such a minimal percent of 
the energy of the system; this may be one reason that Peekaboo as a whole yields only 
0.38 cal kg
-1
 of energy, with the most energy available at OF 2 (0.15 cal kg
-1
).  
 
Mound Spring 
Mound is an alkaline (pH 9.0) hot spring system that falls under the single source, 
single stream outflow schematic (see Figure 1.3). It is located in the Sentinel Meadows 
area of Yellowstone (see Figure 2.1). There are four samples representing this system. OF 
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Figure 4.17. 16S rRNA sequencing results from the Mound Springe hot spring system. The two 
Eubacterium and “Candidatus Caldiarchaeum subterraneum” assignments were to the same sequence in 
the NCBI database, but matched at different identities. The two Synechococcus assignments were 
matched at two different sequences in the same genus.  
0.5 and OF 1 are in the chemosynthetic zone of the outflow, OF 2 was visually 
determined to be the photosynthetic fringe, and OF 3 is in the photosynthetic zone of the 
system. Though the fringe falls below the Cox et al. (2011) fringe line in T-pH space, it 
falls on the fringe line in T-sulfide space, meaning that sulfide concentrations in this 
system may have inhibited photosynthesis at higher temperatures and its location on the 
T-pH figure can be readily explained.   
 
16S Analysis 
 
Mound OF 0.5 (T = 75.4°C) is above the photosynthetic fringe of the outflow. 
The largely dominant taxon is Thermocrinis ruber (64.1% relative abundance), followed 
by Thermus sp. HR13 (13.0% relative abundance). Because hydrogen oxidation yields 
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very minimal energy at this and all sample locations (see Figure 4.20), it is likely that T. 
ruber is oxidizing thiosulfate, elemental sulfur, formate, formamide, or engaged in an 
unknown metabolism. 
 Mound OF 1 (T = 67.9°C) is also above the photosynthetic fringe of the outflow. 
T. ruber is still the dominant taxon at this sample location (35.8%), as are Thermus sp. 
HR13 (18.7% relative abundance) and Eubacterium (19.2% relative abundance), forming 
a community structure similar to the other alkaline systems in this study. A new addition 
to the community is “Candidatus Nitrosocaldus cavascurensis,” which is a known 
ammonium oxidizer that may be utilizing the energy available for that metabolism (see 
Figure 4.19).  
Mound OF 2 (T = 64.6°C) is at the photosynthetic fringe of the outflow, with a 
prokaryotic photosynthetic relative abundance of 33.9% completely composed of the 
cyanobacterial genus Synechococcus. Thermus sp. HR13 (21.4% relative abundance) and 
Eubacterium (18.8% relative abundance) are still dominant taxa at this sample location, 
as they are upstream. 
Mound OF 3 (T = 43.7°C) is below the photosynthetic fringe of the outflow, with 
a prokaryotic photosynthetic relative abundance of 42.7%. The dominant taxa are still 
Thermus sp. HR13 (12.7% relative abundance), Synechococcus (21.7% relative 
abundance), and Eubacterium (15.8% relative abundance), with a new addition of the 
photosynthetic bacterial genus Roseiflexus (13.2% relative abundance).  
 
18S Analysis 
 18S rRNA sequences were detected at all four sites. The high temperatures of 
some of these samples make some of the following observations surprising, but at the 
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Figure 4.18. 18S rRNA sequencing results from the Mound Springe hot spring system. The two 
Rhogostoma cylindrica and Nematosttelium ovatum assignments were to the same sequence in the NCBI 
database, but matched at different identities. The Halamphora catenulafalsa  assignment is one of two 
that matched with different percent identities to the same sequence in the database.   
same time much is unknown about eukaryotes in hydrothermal ecosystems. The 
dominant taxa at OF 0.5 are Trebouxia usneae (12.6% relative abundance), Myrmecia 
(9.6% relative abundance), and Cylindrocystis sp. M3015 (20.1% relative abundance). 
Trebouxia usneae and Myrmecia are algae normally in a symbiotic relationship with 
fungi to form lichens (Rafat et al., 2015; Freidl 1995), so it is possible that they were 
introduced from outside the hot spring habitat. Cylindrocystis is a freshwater algal genus 
never detected in hot spring environments (Graham 2010). At OF 1, the diatom Eunotia  
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(14.8% relative abundance), the diatom Pinnularia subgibba (13.1% relative abundance), 
T. usnea (13.2% relative abundance), and Myrmecia (18.1% relative abundance) are the 
dominant taxa. At OF 2, the gastrotrich Heterolepidoderma acidophilum (20.1% relative 
abundance), T. usnea (20.1% relative abundance), and Myrmecia (20.1% relative 
abundance) are the dominant taxa. At OF 3, the diatom Halamphora catenulafalsa 
becomes the dominant taxon, with a relative abundance of 25.5%. As previously 
mentioned, eukaryotic communities in hot spring environments have not been extensively 
researched, so though never documented in such conditions, it is possible that these taxa 
are living in the hot spring outflow system and have not been introduced by the 
surrounding environment.  
 
Energy Analyses 
Bisulfide oxidation with oxygen offers the most energy at all sample locations in 
Mound Spring. Along with Old Blue Eyes, it is the only system in which sulfide 
oxidation yields more energy than ammonia or ammonium oxidation at all sample 
locations. The slight rise in energy from both bisulfide and ammonia oxidation at OF 1 is 
not due to phototrophic N fixation because it is above the photosynthetic fringe; instead, 
other microbial metabolisms may be producing bisulfide and ammonia at a faster rate 
than consumption at OF1, but at similar rates at the other three sample locations. 
Reaction 3 and Reaction 5 are best represented by Schematic B from Figure 1.4 since the 
energy is fairly constant other for both other than the increase for both at OF 1, though 
the increase for reaction 3 is larger. Once again, there are no known HS
-
 or ammonia 
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Figure 4.19. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Mound Spring hot spring system. Energy from bisulfide oxidation (Reaction 
3) increases at OF 1, then decreases to original levels at and below the photosynthetic fringe. 
Energy from ammonia oxidation (Reaction 5) remains relatively constant, with a slight increase at 
OF 1. 
oxidizers in this system, indicating that metabolisms of microbes in these alkaline 
systems need further study. 
Oxygen is the major oxidant and bisulfide is the major reductant across all four 
Mound Spring sample locations; both energies remain relatively constant down the 
outflow. Along with Old Blue Eyes, this is the only system in which all sample locations 
have sulfide as the most energy-yielding reductant. There are no known bisulfide 
oxidizers in this system. The greatest energy available is 3.41 cal kg
-1
 at OF 1.  
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Systems Exceeding the Cox et al. (2011) Photosynthetic Fringe Line 
 Like the previous section, the 46 samples in this study were compared to the 
designated photosynthetic fringe in T-pH space according to Cox et al. (see Figure 1.1). 
Those systems that had photosynthetic fringes beyond the defined photosynthetic fringe 
in Figure 3.1 are described in this section both with regards to their taxonomy and their 
available energy. Two of the twelve hot spring systems analyzed in this study surpass the 
temperature maximum for photosynthesis: Cyanidium Falls and Mojito. Additionally, 
one of the twelve hot spring systems analyzed in this study, Goldilocks, surpasses the 
sulfide maximum for photosynthesis. These three systems’ photosynthetic fringes, then, 
stray from the known T-pH or T-sulfide maximum of phototrophs in hot spring systems. 
 
Figure 4.20. Percent energy yielded at each sample location of Mound Spring according to the oxidant 
and reductant. Total energy (cal kg-1) at each sample location is also shown. Notice the large percent of 
energy from bisulfide oxidation. 
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Cyanidium Falls 
Cyanidium Falls is an acidic (pH 1.9) hot spring system that falls under the 
multiple source, braided outflow schematic (see Figure 1.3). It is located in the Crater 
Hills area of Yellowstone (see Figure 2.1). There are five samples representing this 
system. OF 1 and OF 1.5 are samples near the source of the outflow, before this stream 
meets another from a different source. OF 2 and OF 3 are samples after the outflows 
combine into a braided stream system. OF Green is a visibly photosynthetic sample 
where the outflow from an upstream source meets the outflow of the downstream source, 
after OF 1.5. This system’s photosynthetic fringe exceeds the temperature maximum of 
photosynthesis in acidic systems according to Cox et al. (2011). Because such low-pH 
conditions were not sampled in that study, these results suggest an adjustment of the 
photosynthetic fringe line towards higher temperatures in acidic systems.  
 
16S Analysis 
Cyanidium Falls OF 1 (T = 58.8°C) is above the photosynthetic fringe of the 
braided outflow. The dominant taxa are the archaeon Aciduliprofundum sp. (30.5% 
relative abundance) and the bacterium Hydrogenobaculum sp. (29.7% relative 
abundance). The only documented species of Aciduliprofundum — Aciduliprofundum 
boonei  — was isolated from acidic deep-sea hydrothermal vents and is an anaerobic, 
heterotrophic sulfur and iron reducer (Reysenbach 2006). There are higher concentrations  
of reduced iron (31.4 mg L
-1
) than reduced sulfur (0.13 mg/L) at this site, which may be 
abiotic products of the geochemical system. It is also possible that reduced iron is more 
abundant because the rate of iron reduction exceeds the rate of sulfur reduction, which  
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Figure 5.1. 16S rRNA sequencing results from the Cyanidium Falls hot spring system. Note that OF 
Green (T = 50.8°C) is not physically located between OF 2 (T = 53.0°C) and OF 3 (T = 50.3°C), which 
may explain the sharp change in taxonomy from OF 2 to OF Green. The two Aciduliprofundum 
assignments were to the same sequence in the NCBI database, but matched at different identities. 
might be offset by the rate of sulfur oxidation by other species that are oxidizing the 
reduced sulfur that Aciduliprofundum may be producing. Regardless, oxidation of this 
ferrous iron is a potential energy source for different taxa capable of such a metabolism. 
More is known about the genus Hydrogenobaculum, especially within Yellowstone 
National Park (Romano 2013). Species were shown to grow on H2, H2S, or thiosulfate, in 
a temperature range from 50 to 91°C, and in a pH range from 1.02 to 5.75. H2S oxidation 
is a likely metabolic candidate as it is the second highest energy yielding metabolism at 
this site (see Figure 5.4), though oxidation of H2 and thiosulfate cannot be ruled out.  
Cyanidium Falls OF 1.5 (T = 57.5°C) is above the photosynthetic fringe of the 
braided outflow. By far the most abundant taxon is the iron oxidizer Acidimicrobium 
ferrooxidans (53.8% relative abundance), followed by Aciduliprofundum sp. (15.1% 
relative abundance). Acidimicrobium ferrooxidans is a moderately thermophilic 
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acidophile that oxidizes ferrous iron, first isolated from a copper leaching dump (Clark 
and Norris 1996). The ferrous iron concentration here is 25.2 mg L
-1
, providing a 
potential source for microbial iron oxidation. Given the presence of these taxa, there may 
be a full iron redox cycle active in this system. 
Cyanidium Falls OF 2 (T = 53.0°C) is at the photosynthetic fringe of the braided 
outflow, with a prokaryotic photosynthetic community relative abundance of 2.6%. Like 
OF 1.5, however, the dominant taxa are Acidimicrobium ferrooxidans (19.6% relative 
abundance) and Aciduliprofundum sp. (28% relative abundance). The ferric iron 
concentration here is 21.3 mg L
-1
. 
Cyanidium Falls OF 3 (T = 50.3°C) is located below the photosynthetic fringe of 
the braided outflow, and hosts a prokaryotic photosynthetic community with a relative 
abundance of 2.4%. As observed at other sites, the dominant taxa are the iron oxidizer 
Acidimicrobium ferrooxidans (13.8% relative abundance) and Aciduliprofundum sp. 
(31.4% relative abundance). The reduced iron concentration here is 18.6 mg L
-1
, still 
offering iron oxidation as a potential energy source. The archaeon Fervidicoccus fontis, 
though also present at OF 1, OF 1.5, and OF 2, is present at greater relative abundance at 
OF 3 (17.6%). F. fontis was isolated from terrestrial hot springs in the Uzon caldera. 
According to laboratory growth experiments, it grows from 55 to 85°C and in a pH range 
from 4.5 to 7.0, neither of which includes the conditions at Cyanidium Falls. It is 
anaerobic and organotrophic, and it does not need any additional electron acceptors 
(Perevalova, 2010).  
Although Cyanidium Falls OF Green (T = 50.8°C) is physically situated above 
the photosynthetic fringe of the braided outflow (OF 2), the presence of visual 
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photosynthesis indicates that it is below the photosynthetic fringe of the upstream system 
before combining with the downstream one. The dominant taxa here are the bacterium 
Ectothiorhodospira mobilis (13.1% relative abundance), Bacterium B10H12 (13.6% 
relative abundance), and the bacterium Acidimicrobium ferrooxidans (13.9% relative 
abundance). Ectothiorhodospira mobilis is a red anaerobic phototroph that grows well 
using inorganic sulfur compounds as photosynthetic H donors (Trüper 1968). It is the 
species contributing to the downstream phototrophic populations as well. Bacterium 
B10H12 was detected in acid sulfate soil in Finland, indicating an ecosystem with similar 
conditions to the Cyanidium Falls system (Wu et al., 2013). As is the case of OF 1, the 
large concentrations of reduced iron (here, 28.0 mg L
-1
) indicate an energetic source for 
iron oxidation by A. ferrooxidans. 
 
18S Analysis 
 No 18S rRNA sequences were detected above the photosynthetic fringe at OF 1 
or OF 1.5. However, eukaryotes were detected at OF Green, possibly due to its location 
downstream from a different source; though it is near OF 1 and OF 1.5, its geochemistry 
is closer to that of a photosynthetic sample in this system. Eukaryotic communities at OF 
Green, OF 2, and OF 3 are predominantly composed of Cyanidioschyzon merolae  
(99.6%, 99.4%, and 97.1% relative abundance, respectively). C. merolae is a unicellular 
alga that lives in acidic, sulfate-rich hot springs (Matsuzaki 2004). The visible, blue-
green photosynthetic pigments at acidic sites like Cyanidium Falls are likely to be 
predominantly due to eukaryotic phototrophs like C. merolae, which produce chlorophyll 
a, β-carotene, and zeaxanthin (Cunningham, Jr. 2007). 
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Figure 5.2. 18S rRNA sequencing results from the Cyanidium Falls hot spring system.  
 
Energy Analyses 
 Ammonium oxidation with oxygen (Reaction 4) offers the most energy across all 
five sample locations of Cyanidium Falls except OF 1.5. The decrease in energy at OF 
1.5 may be due to abiotic ammonium oxidation decreasing the biotic oxidation potential, 
or the cause may be from ammonium-oxidizing communities consuming ammonium  
more rapidly than its production. The increase of energy from Reaction 4 at OF 2, OF 
Green, and OF 3 (all sites with phototrophs present) may be caused by an increase of 
biologically produced ammonium from nitrogen fixation in photosynthetic zones. At 
higher pH, hot spring systems such as Bison Pool and Mound Spring, nitrogen isotopic 
data  were used to argue for abrupt changes in nitrogen fixation at the photosynthetic 
fringe by Havig et al. (2011) and expression of genes for nitrogenase at these locations 
was documented by (Loiacono et al. 2012). nifH genes were documented in acidic 
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Figure 5.3. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Cyanidium Falls hot spring system. Energy from ammonium oxidation 
(Reaction 4) increases at and below the fringe, while energy from H2S oxidation (Reaction 2) 
decreases down the outflow. OF Green is located nearer to OF 1 and has a different upstream 
source, which may explain the dip in Reaction 4 energy at 50.8°C.  
systems like Cyanidium Falls by Hamilton et al. (2011), demonstrating N fixation occurs 
in low-pH systems as well, though that study did not directly incorporate photosynthetic 
communities like the high-pH ones did. Reaction 4 is best represented by Schematic A 
from Figure 1.4, and Reaction 2 is best represented by Schematic C, with the decrease in 
available energy reflecting the decrease in available H2S due to abiotic sulfide oxidation 
down the outflow or biotic H2S consumption at a rate faster than its production. 
According to taxonomic results, the only taxon present at Cyanidium Falls known to 
perform Reaction 4 is “Candidatus Caldiarchaeum subterraneum,” though its low relative  
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Figure 5.4. Percent energy yielded at each sample location of Cyanidium Falls according to the 
oxidant and reductant. Total energy (cal kg-1) at each sample location is also shown. Notice the 
spike in energy from H2S oxidation at OF 1.5 and the dominance of NH4
+ oxidation at the other 
four sites, especially OF 2, OF Green, and OF 3.  
 
abundances may indicate populations limited by other conditions despite a high 
metabolic energy potential. Known H2S oxidizers at Cyanidium Falls sample locations 
include Hydrogenobaculum and Acidithiobacillus caldus (Romano et al. 2013; Mangold 
et al. 2011). These taxa may be partially responsible for the decrease in energy available 
from H2S oxidation as they metabolize H2S from the system. 
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Oxygen is the major oxidant across all five sites of Cyanidium Falls, and reactions 
involving it account for more than 90% of the energy supply. Most of the remaining 
energy supply is accounted for by reactions involving nitrate, which reaches a maximum 
percent energy yield of 6.6% at OF 1. The contributions of reductants to the energy 
supply are more variable; at OF 1.5, H2S is the dominant reductant accounting for 71% of 
the energy yield, but at the other four sample locations, NH4
+
 is the dominant reductant, 
especially in the photosynthetic areas. “Candidatus Nitrosocaldus islandicus” is the only 
known ammonium oxidizer at Cyanidium Falls. As described with Figure 5.3, the 
fixation of nitrogen in photosynthetic zones is a possible source of NH4
+
, thus increasing 
the available energy from its oxidation. By combining the energy yields from all 
reactions using methane as a reductant, we are able to see that it contributes 10.9% of the 
energy at OF 1. The greatest energy available at Cyanidium Falls is at the photosynthetic 
fringe at OF 2 (2.46 cal kg
-1
), which may be due to increased chemosynthetic metabolites 
from phototrophic production. 
 
Mojito 
Mojito is an acidic (pH 2.3) hot spring system that falls under the multiple source, 
single stream outflow schematic (see Figure 1.3). It is located in the Amphitheater 
Springs area of Yellowstone (see Figure 2.1). There are six samples representing this 
system. OF 1 and OF 1.5 are samples near the source of the outflow, before this stream 
meets another from a different source. OF 2, OF 3, and OF 4 are samples after the 
outflows combine into a single stream system. OF Green is a visibly photosynthetic 
sample that originates from an upstream source that meets the outflow of the downstream 
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Figure 5.5. 16S rRNA sequencing results from the Mojito hot spring system. The two Bacterium 
A4E11, Aciduliprofundum, Vulcaniesta distributa assignments were to the same sequence in the NCBI 
database, but matched at different identities. 
source, after OF 1.5. Like Cyanidium Falls, this system’s photosynthetic fringe exceeds 
the temperature maximum of photosynthesis in acidic systems according to Cox et al. 
(2011), adding further evidence for an increase in the maximum temperature for 
photosynthesis in acidic systems.  
 
16S Analysis 
Mojito OF 1 (T = 74.0°C) is above the photosynthetic fringe of the outflow. The 
dominant taxa are Hydrogenobaculum (31.6% relative abundance), the archaeon 
Caldococcus noboribetus (22.4% relative abundance), and the archaeon “Candidatus 
Nitrosocaldus islandicus.” As previously stated, Hydrogenobaculum has been shown to 
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grow on H2, H2S, or thiosulfate; for this sample site, H2S oxidation yields the second 
most energy of all included reactions (see Figure 5.7), making that metabolism most 
likely, though H2 and thiosulfate oxidation cannot be ruled out. Caldococcus noboribetus 
is an anaerobic, sulfur-dependent thermophile previously isolated from the Noboribetsu 
hot spring in Hokkaido, Japan (Aoshima et al., 1996). “Candidatus Nitrosocaldus 
islandicus” is within the phylum Thaumarchaea, the only known aerobic ammonia 
oxidizers in geothermal environments. This specific species candidate is an aerobic  
ammonia oxidizer isolated from a hot spring in Iceland (Daebeler, 2018). In the case of 
Mojito OF 1’s low pH, ammonium would dominate over ammonia.  
 Mojito OF 1.5 (T = 62.3°C) is above the photosynthetic fringe of the outflow. 
The dominant taxa are Hydrogenobaculum (20.0% relative abundance), 
Aciduliprofundum (34.3% relative abundance), and the archaeon Metallosphaera 
yellowstonensis (19.7% relative abundance). H2S oxidation is still the second most 
energy yielding reaction at OF 1.5 (see Figure 5.7), meaning that Hydrogenobaculum 
may be using that metabolism for energy. As a potential sulfur or iron reducer, 
Aciduliprofundum may be contributing to the ferrous iron or H2S concentrations here, 
though both are lower in concentration than Cyanidium Falls (Fe
2+
 = 2.08 mg L
-1
, H2S = 
0.076 mg L
-1
). These could in turn be potential sources for microbial iron and sulfide 
oxidation. M. yellowstonensis has been isolated from acidic hot springs in Yellowstone 
and has been shown to use ferrous iron, elemental sulfur, and pyrite as electron donors, 
adding another species to the iron and sulfur cycles of the system (Kozubal et al., 2011). 
Mojito OF 2 (T = 52.8°C) is at the photosynthetic fringe of the outflow, with a 
prokaryotic photosynthetic community relative abundance of 1.8%. The dominant taxa 
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are Aciduliprofundum (22.5% relative abundance), Hydrogenobaculum (13.9% relative 
abundance), and Meiothermus granaticius (11.6% relative abundance). M. granaticius 
was isolated from a hot spring in the Azores (Albuquerque et al., 2010). Interestingly, 
though it was shown to grow in temperatures up to 55°C, its optimal pH range was 
documented at 7.0-8.0, which is significantly more alkaline than the Mojito system. It is 
known to reduce nitrate to nitrite.  
Mojito OF 3 (T = 50.9°C) is located below the photosynthetic fringe of the 
outflow, and hosts a prokaryotic photosynthetic community with a relative abundance of 
20.8%. This is composed of a single phototroph, the sulfur bacterium Ectothiorhodospira 
mobilis, which utilizes bacteriochlorophyll a and carotenoids of the spirillo xanthin series 
for its photosynthesis (Trüper 1968). Acidicaldus (12.4% relative abundance) and 
Meiothermus granaticius (10.1% relative abundance) are the next most abundant taxa. 
Members of the bacterial genus Acidicaldus are capable of dissimilatory oxidation of 
elemental sulfur as well as respiration of ferric iron in the absence of oxygen (Johnson et 
al., 2006).  
Mojito OF 4 (T = 53.5°C) is located below the photosynthetic fringe of the 
outflow, and hosts a prokaryotic photosynthetic community with a relative abundance of 
8.0%. Notice that the temperature at this site increased from OF 3, potentially caused by 
an unseen source between the two sites adding hot water to the outflow. The 
photosynthetic community, on the other hand, decreased. The dominant taxa are 
Ectothiorhodospira mobilis (8.0% relative abundance), Meiothermus granaticius (15.8% 
relative abundance), and Aciduliprofundum (19.1% relative abundance). 
58 
 
Similar to Cyanidium Falls OF Green, Mojito OF Green (T = 44.1°C) is 
physically situated above the photosynthetic fringe of the main outflow. However, the 
presence of visual photosynthesis indicates that it is below the photosynthetic fringe of 
the upstream system before combining with the downstream one. The dominant taxon 
here is the phototroph Ectothiorhodospira mobilis (30.2% relative abundance), with less 
abundant populations of Athalassotoga saccharophila (9.3% relative abundance), 
Acidithiobacillus caldus (9.2% relative abundance), and Bacterium B10H12 (8.0% 
relative abundance). E. mobilis and Bacterium B10H12 were also dominant taxa at 
Cyanidium Falls OF Green, which reflects the relationship between similar geochemistry 
and similar microbial communities. Athalassotoga saccharophila is an anaerobic 
bacterium isolated from a low-salt, acidic hot spring in Japan (Itoh et al., 2016). It can use 
ferric iron, thiosulfate, or L-cystine as electron acceptors. Similar to the pH discrepancy 
of M. granaticius at other Mojito sample locations, A. saccharophila was grown from pH 
4.5-7.5. Acidithiobacillus caldus is an acidophile often found in biomining environments; 
it oxidizes inorganic sulfur compounds like elemental sulfur (Mangold et al., 2011).  
 
18S Analysis 
 No 18S rRNA sequences were detected above the photosynthetic fringe at OF 1 
or OF 1.5. However, like Cyanidium Falls, eukaryotes were detected at OF Green, 
possibly due to its location downstream from a different source; though it is near OF 1 
and OF 1.5, its geochemistry is closer to that of a photosynthetic sample in this system. 
Eukaryotic communities at OF Green, OF 2, OF 3, and OF 4 are predominantly  
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Figure 5.6. 18S rRNA sequencing results from the Mojito hot spring system.  
 
composed of the unicellular alga Cyanidioschyzon merolae (98.3 %, 99.9%, 98.3%, and 
100% relative abundance, respectively).  
 
Energy Analyses 
Ammonium oxidation with oxygen (Reaction 4) offers the most energy across 
five of the six sample locations of Mojito. H2S oxidation with oxygen (Reaction 2) yields 
more energy at OF 3, where energy for Reaction 2 is at its maximum and energy from 
reaction 4 is at its minimum. As seen at Cyanidium Falls, the increase of energy from 
Reaction 4 at the photosynthetic sites OF 2, OF 4, and OF Green may be caused by an 
increase of biologically produced ammonium from nitrogen fixation in photosynthetic 
zones of the outflow. 
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Figure 5.7. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Mojito hot spring system. Energy from ammonium oxidation (Reaction 4) 
increases at the fringe at OF 2 at 52.8°C, decreases at OF 3 at 50.9°C, then increases again at OF 4 
at 53.5°C. Energy from H2S oxidation (Reaction 2) increases down the outflow, peaks at OF 3, 
then falls at OF 4. OF Green is physically situated nearer to OF 1 and has a different upstream 
source, which may explain the dip in Reaction 2 energy and the peak in Reaction 4 energy at 
44.1°C.  
 
However, the sharp decrease in energy from ammonium oxidation at the photosynthetic 
OF 3 seems anomalous. The most significant change in the microbial communities  
between OF 2 and OF 3 is an increase in the relative abundance of the phototroph 
Ectothiorhodospira mobilis; however, there is an even larger percent abundance of E. 
mobilis at OF Green, making its role in this energetic drop less likely. Interestingly, 
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percent abundance of the ammonium oxidizer “Candidatus Nitrosocaldus islandicus,” 
decreases from OF 2 to OF 3, which would match with the decrease in available energy, 
but the lack of “Ca. N. islandicus” at OF Green, where ammonium oxidation yields the 
most energy, does not follow the same argument. The temperature may be a limiting 
factor in the growth of “Ca. N. islandicus” in cooler parts of the outflow, in spite of the 
energetic potential. In this system, Reaction 2 and Reaction 4 are best represented by 
Schematic A from Figure 1.4, with the increase in available energy reflecting the increase 
in available H2S and ammonium; the former is most likely due to biotic sulfur or sulfate 
reduction down the outflow, while the latter, though potentially from phototrophic N 
fixation, is anomalous at OF 3. Like Cyanidium Falls, known H2S oxidizers at Mojito 
sample locations include Hydrogenobaculum and Acidithiobacillus caldus. Known or 
expected ammonium oxidizers are “Ca. N. islandicus” and “Candidatus Nitrosocaldus 
cavascurensis.” 
Oxygen is the major oxidant across all six sites of Mojito. However, nitrate does 
contribute about 8.7% and 8.4% of the oxidative energy at OF 1 and OF Green, 
respectively. OF 1 and OF Green are also similar in that both have significant reductive 
energy from methane, contributing 13.2% and 23.0% of the total energy, respectively. OF 
Green is the only sample location in this system where H2S is the dominant reductant 
(52.2%). At the other five sample locations, ammonium is the dominant reductant. 
Because OF Green is photosynthetic, it does not follow the trend of photosynthetic sites 
being dominated by ammonium oxidation. “Candidatus Nitrosocaldus islandicus” and 
“Candidatus Nitrosocaldus cavascurensis” are expected ammonium oxidizers at Mojito; 
their percent abundance decrease down the outflow, which does not match with the 
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Figure 5.8. Percent energy yielded at each sample location of Mojito according to the oxidant 
and reductant. Total energy (cal kg-1) at each sample location is also shown. Notice that OF 
Green is the only location where H2S is the dominant reductant. OF Green also has the most 
energy available compared to the other sample locations. 
energy available, though there are none at OF Green where ammonium oxidation yields 
the least energy. The greatest energy available at Cyanidium Falls is at the photosynthetic 
site OF Green (3.83 cal kg
-1
). 
 
Goldilocks 
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Goldilocks is an acidic (pH 2.5) hot spring system that falls under the single 
source, single stream outflow schematic (see Figure 1.3). It is located in the Sylvan 
Springs area of Yellowstone (see Figure 2.1). There are three samples representing this 
system. OF 1 is near the source of the outflow, and although it was predicted to be above 
the photosynthetic fringe, it hosted phototrophic communities. OF 2 was visually 
determined as the photosynthetic fringe, though it and OF 3 are in the photosynthetic 
zone of the outflow according to taxonomic results. Even though this system’s 
photosynthetic fringe falls on the Cox et al. (2011) line in T-pH space, in T-sulfide space, 
OF 1 surpasses the maximum sulfide concentrations with phototrophs present, measuring 
1790 µg L
-1
. Because OF 1 was predicted to be non-photosynthetic, the presence of these 
phototrophs may drastically increase the maximum of sulfide tolerance for photosynthetic 
microorganisms, though introduction of phototrophs from other sample locations in the 
system cannot be ruled out. 
 
16S Analysis 
Goldilocks OF 1 (T = 49.7°C) is above the photosynthetic fringe of the outflow. 
The dominant taxon is Hydrogenobaculum (44.8% relative abundance). H2S 
concentrations in the Goldilocks system are relatively high, especially at OF 1 (1.79 
mg/L). For this reason, H2S oxidation by Hydrogenobaculum may be the most likely 
metabolic candidate versus H2 or thiosulfate oxidation. Aciduliprofundum is the second 
most abundant taxon at OF 1 (24.4% relative abundance). As a potential sulfur reducer,  
there may be a relationship between these two taxa in the community and the sulfur cycle 
of the system.  
64 
 
Figure 5.9. 16S rRNA sequencing results from the Goldilocks hot spring system. The two 
Aciduliprofundum assignments were to the same sequence in the NCBI database, but matched at 
different identities. 
  
Goldilocks OF 2 (T = 47.1°C) is at the photosynthetic fringe of the outflow, with 
a prokaryotic photosynthetic community relative abundance of 2.8%. While 
Hydrogenobaculum (25.8% relative abundance) and Aciduliprofundum (16.5% relative 
abundance) remain two of the dominant taxa, Acidithiobacillus caldus becomes the most 
dominant (28.5% relative abundance). As an inorganic sulfur compound oxidizer, A. 
caldus may play an additional role in the sulfur cycle of the Goldilocks system, especially 
at OF 2. Reactions using sulfide oxidation yields the most energy not only at this sample 
location, but also the most energy across all 46 sample locations and all 58 reactions (see 
Figure 5.12). 
Goldilocks OF 3 (T = 44.4°C) is located below the photosynthetic fringe of the 
outflow, and hosts a prokaryotic photosynthetic community with a relative abundance of 
18.2%. This consists solely of Ectothiorhodospira mobilis, a dominant taxon of the 
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Figure 5.10. 18S rRNA sequencing results from the Goldilocks hot spring system.  
sample location. Acidithiobacillus caldus (18.5% relative abundance) remains the most 
abundant taxon. Athalassotoga saccharophila (10.1% relative abundance) and 
Hydrogenobaculum (9.8% relative abundance) are the next most abundant, and both are 
capable of sulfur-based metabolisms.  
 
18S Analysis 
 
18S rRNA sequences were detected at OF 1, OF 2, and OF 3. As with Cyanidium 
Falls and Mojito, they are predominantly composed of the red alga Cyanidioschyzon 
merolae (83.3%, 96.4%, and 92.7% relative abundance, respectively). However, this 
system is the first of the three most acidic where we see more than two taxa with a 
relative abundance >1%, perhaps indicating a pH-dependent diversity among hot spring 
eukaryotic communities. 
 
66 
 
Figure 5.11. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Mojito hot spring system. Energy from ammonium oxidation (Reaction 4) 
increases at the fringe at OF 2 at 52.8°C, decreases at OF 3 at 50.9°C, then increases again at OF 4 
at 53.5°C. Energy from H2S oxidation (Reaction 2) increases down the outflow, peaks at OF 3, 
then falls at OF 4. OF Green is physically situated nearer to OF 1 and has a different upstream 
source, which may explain the dip in Reaction 2 energy and the peak in Reaction 4 energy at 
44.1°C.  
Energy Analyses 
 
Ammonium oxidation with oxygen offers the most energy at OF 1 and OF 2 of 
Mojito; OF 3 yields the most energy from H2S oxidation with oxygen. A constant 
increase in energy down the outflow from Reaction 4 may be from ammonium 
production due to nitrogen fixation. On the other hand, a constant decrease in energy 
down the outflow from Reaction 2 may be from abiotic oxidation of H2S, consumption of 
H2S occurring at a faster rate than its production from microbes, or a combination of the 
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Figure 5.12. Percent energy yielded at each sample location of Goldilocks according to the oxidant and 
reductant. Total energy (cal kg-1) at each sample location is also shown. Notice that the energy available 
from H2S oxidation decreases down the outflow until ammonium oxidation becomes dominant. 
two. At Goldilocks, then, Reaction 2 is best represented by Schematic C from Figure 1.4, 
and Reaction 4 is represented by Schematic A. Hydrogenobaculum and Acidithiobacillus 
caldus are known potential H2S oxidizers at Goldilocks. The former’s relative abundance 
decreases with available energy down the outflow, but the latter’s relative abundance is 
higher at OF 2 and OF 3 than OF 1, perhaps indicating it is using other inorganic sulfur 
compounds to get energy. “Candidatus Nitrosocaldus islandicus” is the only expected 
ammonium oxidizer at Goldilocks, although its relative abundance decreases to zero at 
OF 3 where the most energy is available.  
Oxygen is the major oxidant across all three sites of Goldilocks, more so than the 
previous two acidic systems. At OF 1, H2S oxidation yields the most energy at 69.7%. At 
OF 2, H2S and ammonium oxidation yield about the same reductive energy at 51.9% and 
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47.1%, respectively. Of all 46 sample locations, Goldilocks OF 2 has the most total 
energy available (6.14 cal kg
-1
), indicating the metabolic importance of H2S and NH4
+
 in 
these systems. Finally, at OF 3, energy from H2S oxidation significantly drops, making 
ammonium oxidation the dominant energy source (96.8%). Hydrogenobaculum and 
Acidithiobacillus caldus are known potential H2S oxidizers at Goldilocks, with the former 
being a dominant taxon of the community at OF 1. 
 
Systems that Fall Below the Cox et al. (2011) Photosynthetic Fringe Line 
The four hot spring systems described below all had photosynthetic fringes that 
fell below the fringe line in T-pH space as defined by Cox et al. (2011). These systems 
are Crater Hills Geyser, Mutant Minnie, Figure 8, and Empress Pool. Unlike Mound 
Spring, this shift cannot be attributed to high sulfide levels inhibiting higher temperature 
phototrophs. Instead, there may have been a salinity-based inhibition of photosynthesis in 
these four systems that fell in the middle of the pH range sampled for this study (pH 3.4-
8.0). Figures 6.1 and 6.2 show that chloride, as a proxy for salinity, is highest in the mid-
pH range of these samples, and in those systems, the photosynthetic fringe falls furthest 
from the Cox et al. (2011) line. Though inhibition of photosynthesis by salinity has not 
been studied in hot spring systems, Satoh et al. (1983) found that high salinity inhibited 
photosystems I and II in the red alga Porphyra perforata, even reducing the amount of 
light energy reaching reaction centers therein. Salt stress has also been shown to affect 
cyanobacterial photosynthesis (Schubert and Hagemann, 1990; Schubert et al., 1993; Lu 
et al., 1999; among others). The algal inhibition would likely be most relevant in the  
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lower-pH hot springs systems, and the cyanobacterial inhibition most relevant in the 
high-pH systems. The mid-pH systems most affected in this study, then, could host a 
mixture of the two phototrophic communities.  
  
Figure 6.1. Chloride concentrations (µM) across all 46 sample locations. Magnitude of the chloride 
concentration is represented by the size of the symbols. Closed symbols represent phototrophs were 
detected at that sample location, and open symbols represent no phototrophs were detected. The black 
dotted line is the photosynthetic fringe as defined by Cox et al. (2011). The green dotted lines are the 
photosynthetic fringes for each of the twelve hot spring systems analyzed in this study. Notice that the 
systems in the most acidic and alkaline sites fall closest to the Cox et al. line, whereas the more 
circumneutral systems have fringes that appeared at lower-than-expected temperatures. This may be an 
inhibition of photosynthesis due to high chloride concentrations, a proxy for salinity. 
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Figure 6.2. Chloride concentrations (µM) across all 46 sample locations from this study (circles) as 
well as from other photosynthetic samples taken from Yellowstone hot springs by Kris Fecteau 
(squares, unpublished). Closed symbols represent phototrophs were detected at that sample location, and 
open symbols represent no phototrophs were detected. The Fecteau samples suggest that phototrophy is 
indeed possible in the mid-pH range, and that the chloride concentrations could be inhibiting 
photosynthetic communities in the systems from this study.  
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Figure 6.3. 16S rRNA sequencing results from the Crater Hills Geyser hot spring system. 
Crater Hills Geyser 
Crater Hills Geyser is an acidic (pH 3.4-3.7) hot spring system that falls under the 
single source, single stream outflow schematic (see Figure 1.3). It is located in the Crater 
Hills area of Yellowstone (see Figure 2.1) There are three samples representing this 
system. Crater Hills Geyser Pool is near the source of the outflow in the chemosynthetic 
zone of the system. The pool forms from the source of the system flowing out, running 
over a ledge, and pooling before continuing the outflow. OF 2 was visually determined as 
the photosynthetic fringe, and OF 3 is in the photosynthetic zone of the outflow.  
 
16S Analysis 
Crater Hills Geyser Pool (T = 46.3°C) is above the photosynthetic fringe of the 
outflow. The largely dominant taxon is Hydrogenobaculum (97.2% relative abundance). 
However, no known metabolism of Hydrogenobaculum is capable of utilizing the energy 
available from ammonium oxidation, the only reaction in this study that offers >5% of 
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the energy of the system (see Figure 6.5). This large taxonomy-energy discrepancy may 
call for further analysis of Hydrogenobaculum metabolic capabilities. 
 Crater Hills Geyser OF 2 (T = 28.8°C) and Crater Hills Geyser OF 3 (T = 28.6°C) 
are at and below the photosynthetic fringe of the outflow, respectively. Notice the almost 
20°C drop from the pool; these two samples have the lowest temperatures of all 46 
sample locations. The potential phototroph at these sites is Acidisphaera rubrifaciens, 
with a relative abundance of 2.9% and 1.7%, respectively. Because this species was 
grown without light in laboratory settings, however, it may or may not be part of the 
active photosynthetic community at this sample location (Hiraishi et al., 2000). 
Hydrogenobaculum relative abundances decrease significantly at both OF 2 and OF 3 
compared with Crater Hills Geyser Pool, and Thiomonas (42.1% relative abundance at 
OF 2, 50.0% at OF 3), Acidithiobacillus thiooxidans (23.5% relative abundance at OF 2, 
14.0% at OF 3), and Mycobacterium parascrofulaceum (12.5% relative abundance at OF 
2, 10.8% at OF 3) become the dominant populations. Members of the genus Thiomonas 
are often found in acid mine drainage environments, oxidizing reduced inorganic sulfur 
compounds for energy (Arsene-Ploetze, 2010). The acidic and relatively cool conditions 
of OF 2 and 3 could mimic conditions like those found in such environments. Similarly, 
Acidithiobacillus thiooxidans oxidizes reduced inorganic sulfur compounds in sulfur-rich 
acidic environments like uranium, coal, and copper mines (Travisany et al., 2014). 
Though normally considered a human pathogen (Turenne, 2004), Mycobacterium 
parascrofulaceum has also been isolated from Yellowstone National Park (Santos, 2007). 
The springs from which it was obtained had a pH of 3, similar to that of the Crater Hills 
Geyser system, but temperatures between 40°C and 56°C. This temperature discrepancy 
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Figure 6.4. 18S rRNA sequencing results from the Crater Hills Geyser hot spring system.  
along with the unusual environment for Mycobacterium parascrofulaceum may call for 
further analysis on this species and its adaptations to hot spring systems. 
 
18S Analysis 
 
18S rRNA sequences were detected at OF 2 and OF 3, but not in the pool. Unlike 
the other low-pH hot spring systems, Cyanidioschyzon merolae is not dominating the 
population at any of the three sample locations in Crater Hills Geyser. Though the lower 
temperatures at OF 2 and OF 3 may not favor C. merolae, the conditions in the pool 
should be suitable, perhaps indicating a salinity-based inhibition of this taxon where in 
other systems it would be dominant. We detect multiple taxa with relative abundances 
>1%, further evidence for increasing eukaryotic diversity with increasing pH. At both OF 
2 and OF 3, Chlamydomonas pitschmannii is the largely dominant taxon (85.8% and 
86.2% relative abundance, respectively). C. pitschmannii is a single-celled green alga 
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Figure 6.5. The only reaction that contributes greater than 5% of the total energy available of at 
least one sample location in the Crater Hills Geyser hot spring system is ammonium oxidation 
(Reaction 4). Energy increases at the fringe at OF 2 and once more below the fringe at OF 3.  
isolated from thermoacidic environments like hot spring soils in the Campi Flegrei 
Caldera (Pollio et al., 2005). Its documented growth down to pH 2.5 and up to 30°C 
matches the conditions of the Crater Hills Geyser system. 
 
Energy Analyses 
Ammonium oxidation with oxygen offers the most energy at the three sample 
locations of Crater Hills Geyser. In fact, it yields the most energy from any one reaction 
across all 46 sample locations in this study, which explains why other reactions are 
overshadowed and do not contribute >5% of the energy at any of the three Crater Hills 
Geyser sample locations. Reaction 4 is best represented by Schematic A from Figure 1.4, 
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Figure 6.6. Percent energy yielded at each sample location of Crater Hills Geyser according to the 
oxidant and reductant. Total energy (cal kg-1) at each sample location is also shown. 
with an increase in energy from ammonium oxidation potentially due to ammonium 
production by phototrophs. Even before the photosynthetic fringe, however, energy from 
Reaction 4 surpasses that from any reaction at any of the 46 sample locations, indicating 
that the ammonium produced by the geochemical system plays an important role in 
initiating such metabolic potential. There are no known ammonium oxidizers at any of 
the three sample locations of this system; barring a complete neglect of usable metabolic 
energy, it is likely that the taxa detected in this system have yet to have their metabolic 
capabilities fully studied. 
Oxygen is the major oxidant and ammonium is the major reductant across all 
three sites of Crater Hills Geyser. The reductive energy of H2S increases slightly, though 
it only contributes 4.2% of the energy at its highest at OF 3. As a system, Crater Hills 
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Geyser has the most total energy available, 16.28 cal kg
-1
, even compared to systems with 
up to six sample locations. This abundance of chemosynthetic energy may also help 
explain the inhibition of phototrophs at higher temperature; chemotrophs in this system 
may be more readily capable of competing with photosynthesis as an energy source 
because there is so much energy to be had. In spite of this energy availability being 
mostly from ammonium oxidation, there are no known ammonium oxidizers at any of the 
three sample locations of this system. The greatest energy available at Crater Hills Geyser 
is at the photosynthetic fringe (5.84 cal kg
-1
). 
 
Mutant Minnie 
Mutant Minnie is an acidic (pH 3.9-5.6) hot spring system that falls under the 
single source, braided outflow schematic (see Figure 1.3). It is located in the Norris 
Geyser Basin area of Yellowstone (see Figure 2.1). There are four samples representing 
this system. The source and OF 1 are in the chemosynthetic zone of the system, OF 2 was 
visually determined as the photosynthetic fringe, and OF 3 is in the photosynthetic zone 
of the system. 
 
16S Analysis 
Mutant Minnie Source (T = 77.5°C) is above the photosynthetic fringe of the 
braided outflow. The largely dominant taxon is Thermocrinis ruber (66.7% relative 
abundance), followed by Thermobaculum (24.4% relative abundance). The genus 
Thermobaculum was originally isolated from thermal soil in Yellowstone by Botero et al. 
(2004), who named the type species. This species, Thermobaculum terrenum, is the only 
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Figure 6.7. 16S rRNA sequencing results from the Mutant Minnie hot spring system. The two 
Metallibacterium and Sediminibacterium assignments were to the same sequence in the NCBI database, 
but matched at different identities. The Aciduliprofundum assignment is one of two such different 
identity matches as well; the other was not assigned in this system. The two Acidisphaera were assigned 
different sequence matches in the database, despite being in the same genus.  
known member of the genus. It grows between 41°C and 75°C, but between pH 6 and 8, 
which does not match the pH of Mutant Minnie’s source. 
 Mutant Minnie OF 1 (T = 66.8°C) is above the photosynthetic fringe of the 
braided outflow. From the source to OF 1, there is a pH shift of 1.6. The largely dominant 
taxon is still Thermocrinis ruber (58.3% relative abundance), followed by Thermus sp. 
HR13 (9.2% relative abundance) and Saccharolobus caldissimus (11.3% relative 
abundance). The archaeon Saccharolobus caldissimus was isolated from a hot spring in 
Japan using temperatures ranging from 65°C to 93°C and in a pH range from 1.5-6.0. 
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Growth occurs on pyrite, K2S4O6, and by hydrogen oxidation (Sakai and Kurosawa 
2018).  
Mutant Minnie OF 2 (T = 53.9°C) is at the photosynthetic fringe of the braided 
outflow, though all phototrophs here are eukaryotic. This lack of prokaryotic phototrophy 
may contribute to the photosynthetic fringe anomaly in T-pH space; perhaps phototrophs 
adapted to these conditions cannot handle high salinity, for example. Thermocrinis ruber 
is no longer a dominant taxon, though it is still present at 7.9% relative abundance. 
Instead, an uncultured bacterium clone is the most abundant (22.6% relative abundance). 
This particular uncultured bacterium was detected in soils near coal-fire gas vents in 
China, though metabolic experiments have not yet been performed (Zhang et al., 2013). 
In addition, OF 2 hosts the reduced inorganic sulfur compound oxidizer Thiomonas 
(~15.3% relative abundance), the elemental sulfur oxidizer Acidicaldus (~15.9% relative 
abundance), and the sulfur and iron reducing Aciduliprofundum (~11.1% relative 
abundance). 
Mutant Minnie OF 3 (T = 33.2°C) is below the photosynthetic fringe of the 
braided outflow, though all phototrophs here are eukaryotic as well. The dominant taxa 
are Thiomonas (21.2% relative abundance), Sediminibacterium salmoneum (21.9% 
relative abundance), and Thermocrinis ruber (12.3% relative abundance). 
Sediminibacterium salmoneum was isolated from eutrophic sediment from the Guanting 
Reservoir in China, and is known to produce H2S (Qu and Yuan 2008).  
 
18S Analysis 
79 
 
18S rRNA sequences were not detected in the source or at OF 1. At OF 2, the red 
alga Cyanidioschyzon merolae is once again the largely dominant taxon, making up 
94.7% relative abundance in the community. Between OF 2 to OF 3, there is a change of 
20°C, which allows for a community with different temperature-related capacities to 
survive. As a consequence, at OF 3, there are 17 taxa with a >1% relative abundance. Of 
those, the green alga Chlamydomonas pitschmannii is the most abundant taxon (39.4% 
relative abundance), followed by the photosynthetic diatom Halamphora catenulafalsa 
(11.8% relative abundance).  
 
Energy Analyses 
Figure 6.8. 16S rRNA sequencing results from the Mutant Minnie hot spring system. The two 
Metallibacterium and Sediminibacterium assignments were to the same sequence in the NCBI database, 
but matched at different identities. The Aciduliprofundum assignment is one of two such different 
identity matches as well. The two Acidisphaera were assigned different sequence matches in the  
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Ammonium oxidation with oxygen offers the most energy across four sample 
locations of Mutant Minnie, followed by H2S oxidation. These increases are due to 
ammonium and H2S production rates higher than their oxidation either biotically or 
abiotically. In this system, Reaction 2 and Reaction 4 are best represented by Schematic 
A from Figure 1.4. The only known H2S oxidizer in the Mutant Minnie hot spring system 
is Hydrogenobaculum, though it is only present at low relative abundance at OF 1. 
Known or expected ammonium oxidizers are “Candidatus Nitrososphaera,” “Candidatus 
Nitrosocaldus islandicus,” and “Candidatus Nitrosocaldus cavascurensis,” though none 
are dominant at any sample location, and none of the three were detected at OF 3.  
Figure 6.9. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Mutant Minnie hot spring system. Energy from ammonium oxidation 
(Reaction 4) increases at and below the fringe. Energy from H2S oxidation (Reaction 2) increases 
down the outflow as well, following a similar trend to Reaction 4.  
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Figure 6.10. Percent energy yielded at each sample location of Mutant Minnie according to the oxidant 
and reductant. Total energy (cal kg-1) more than triples from the source to OF 3.  
 
Oxygen is the major oxidant and ammonium is the major reductant across all four 
sites of Mutant Minnie. The reductive energy of H2S is highest at the source, contributing 
16.3% of the energy. CO contributes 3.9% of reductive energy at OF 1, though the total 
energy of that sample location is relatively lowThe greatest energy available at Mutant 
Minnie is 3.19 cal kg
-1
 at OF 3. 
 
Figure 8 
Figure 8 is a slightly acidic to circumneutral (pH 5.2-6.5) hot spring system that 
falls under the single source, single stream outflow schematic (see Figure 1.3). It is 
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Figure 6.11. 16S rRNA sequencing results from the Figure 8 hot spring system.  
located in the Greater Obsidian Pool Area of Yellowstone (see Figure 2.1). There are four 
samples representing this system. OF 1 is in the chemosynthetic zone above the fringe, 
OF 2 was determined to be the photosynthetic fringe using linear discriminate analysis, 
and OF 3 and OF 4 were determined to be in the photosynthetic zone below the fringe. 
This system does not have any visual indication of photosynthesis, so in this case, OF 3 
was revealed to be the photosynthetic fringe according to sequencing data.  
 
16S Analysis 
Figure 8 OF 1 (T = 64.1°C) is above the photosynthetic fringe of the outflow. The 
predominant taxon is Hydrogenobaculum (76.1% relative abundance), which can grow 
on H2, H2S, or thiosulfate. Ammonium oxidation yields the most energy at all sample 
locations in this system (see Figure 6.13), though H2S oxidation does yield the second 
most. Interestingly, there are no known ammonium oxidizers at OF 1.   
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 Figure 8 OF 2 (T = 58.8°C) is also above the photosynthetic fringe of the outflow. 
Hydrogenobaculum is still the dominant taxon at this sample location (55.1% relative 
abundance). A new addition to the community compared to OF 1 is “Candidatus 
Nitrosocaldus cavascurensis,” which is a known ammonium oxidizer that may be using 
the energy available for that metabolism.  
Figure 8 OF 3 (T = 50.9°C) is at the photosynthetic fringe of the outflow, though 
all phototrophs here are eukaryotic. Like Mutant Minnie, this lack of prokaryotic 
phototrophs may help explain the aberrant T-pH location of the photosynthetic fringe in 
this system.  Hydrogenobaculum is still one of the dominant taxa at this sample location 
(35.4% relative abundance), although it is now slightly less abundant than the reduced 
inorganic sulfur compound oxidizer Thiomonas (35.5% relative abundance).  
Figure 8 OF 4 (T = 43.7°C) is below the photosynthetic fringe of the outflow, 
though once again all phototrophs here are eukaryotic. The dominant taxa are Thiomonas 
(25.5% relative abundance), Sediminibacterium salmoneum (35.4% relative abundance), 
and Hydrogenobaculum (20.3% relative abundance). The former two taxa were also 
detected in Mutant Minnie OF 3. Since Sediminibacterium salmoneum is known to 
produce H2S, it may be contributing to the source of metabolites for Thiomonas and 
Hydrogenobaculum.   
 
18S Analysis 
18S rRNA sequences were not detected at OF 1 or OF 2. At OF 3, there is a large 
diversity of 20 eukaryotic taxa. The most dominant are Coniochaetales (11.3% relative 
abundance), Bodomorpha (12.3% relative abundance), and the green alga 
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Figure 6.12. 18S rRNA sequencing results from the Figure 8 hot spring system. The two 
Nematosttelium ovatum assignments were to the same sequence in the NCBI database, but matched at 
different identities.  
Chlamydomonas pitschmannii (12.9% relative abundance). Coniochaetales is an order of 
fungi; since few studies exist regarding hot spring fungi (see Kambura et al., 2016 for 
fungi from hot springs in Kenya and Redman et al., 1999 for fungi from Yellowstone 
geothermal soils), it is unknown whether such taxa are endogenous or exogenous from 
the surrounding environment. Bodomorpha is a poorly studied genus of zooflagellates 
that is presumed to be a bacterial grazer (Rivera et al., 1986).   
 
Energy Analyses 
Ammonium oxidation with oxygen offers the most energy across the four sample 
locations of Figure 8. However, this energy decreases at and below the photosynthetic 
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fringe. If the increase in energy at the previous five hot spring systems was at least in part 
due to N fixation by phototrophs, then the lack of this increase at Figure 8 may be related 
to the fact that there is no visual photosynthesis in this system. There are phototrophs at 
OF 3 and OF 4, but their low relative abundances may not produce enough ammonium to 
offset its biotic or abiotic oxidation. H2S oxidation with oxygen or nitrate as well as 
bisulfide oxidation with oxygen also produce >5% of the energy in this system. Their 
energy levels remain relatively constant across the photosynthetic fringe, with a small 
increase in energy from Reaction 2 below the fringe. In this system, Reaction 4 is best 
represented by Schematic C from Figure 1.4, while Reactions 2, 3, 15, and 17 are 
represented by Schematic B. This relatively constant energy availability may be due to 
Figure 6.13. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Figure 8 hot spring system. For the first time, energy from ammonium 
oxidation (Reaction 4) decreases at and below the fringe. Energy from H2S oxidation (Reaction 2), 
HS- oxidation (Reaction 3), and H2S oxidation with nitrate (Reactions 15 and 17) stays relatively 
constant down the outflow. 
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production and consumption of the metabolites at similar rates. The only known H2S 
oxidizer in the Figure 8 hot spring system is Hydrogenobaculum, and depending on the 
sulfide species available, may also be able to oxidize bisulfide. Additionally, it is only 
known to oxidize H2S with oxygen, meaning there are no known users of Reactions 15 or 
17 in this system (D’Imperio et al. 2008). The only expected ammonium oxidizer is 
“Candidatus Nitrosocaldus cavascurensis,” though it is only present at OF 2.  
Oxygen is the major oxidant across all four sites of Figure 8. However, nitrate 
also contributes a significant portion of oxidative energy as well, with the highest at OF 1 
at 16.6%. Ammonium and ammonia yield the most reductive power across all four 
sample locations as well, although there is a higher variety of reductants than at in other 
systems. At its most diverse, OF 1 hosts reductive energy from ammonium/ammonia 
Figure 6.14. Percent energy yielded at each sample location of Figure 8 according to the oxidant and 
reductant. Notice the significance of nitrate as an oxidant across all sample locations, as well as the 
range of reductant energy not seen at previous systems.   
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(54.0%), methane (19.3%), H2S/HS
-
 (15.8%), CO (9.8%), and even H2 (1.1%), which 
contributes an extremely low amount of energy in other systems. Again, these lesser 
reductants are likely contributing larger proportions of energy to this system because the 
total energy is low, and therefore their lower energies have a larger impact. The only 
expected ammonium oxidizer is “Candidatus Nitrosocaldus cavascurensis,” though it is 
only present at OF 2. The only known H2S oxidizer in the Figure 8 hot spring system is 
Hydrogenobaculum. The greatest energy available at Cyanidium Falls is at OF 1 (0.65 cal 
kg
-1
). 
 
Empress 
Empress is a circumneutral (pH 7.1-8.0) hot spring system that falls under the 
single source, single stream outflow schematic (see Figure 1.3). It is located in the Geyser 
Creek area of Yellowstone (see Figure 2.1). There are three samples representing this 
system. OF 1 is in the chemosynthetic zone of the system, OF 2 was determined to be the 
photosynthetic fringe using linear discriminate analysis, and OF 3 was determined to be 
in the photosynthetic zone of the system. This system often does not have any visual 
photosynthesis, but OF 2 was the photosynthetic fringe according to sequencing data as 
well. Low relative abundances of all phototrophs in this system may be explained by its 
high chloride concentrations.  
 
16S Analysis 
Empress OF 1 (T = 70.2°C) is above the photosynthetic fringe of the outflow. The 
dominant taxa are the arsenite oxidizer Thermus sp. HR13 (13.3% relative abundance), 
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Figure 6.15. 16S rRNA sequencing results from the Empress hot spring system. The two Eubacterium, 
“Candidatus Nitrosocaldus yellowstonii,” and “Candidatus Caldiarchaeum subterraneum” assignments 
were to the same sequence in the NCBI database, but matched at different identities.  
Thermocrinis ruber (11.9% relative abundance), and “Candidatus Caldiarchaeum 
subterraneum” (19.0% relative abundance).  
 Empress OF 2 (T = 54.8°C) is at the photosynthetic fringe of the outflow, with a 
prokaryotic photosynthetic relative abundance of 2.1%. Thermus sp. HR13 (12.0% 
relative abundance) and Thermocrinis ruber (8.8% relative abundance) are still dominant 
taxa, along with “Candidatus Acetothermus autotrophicum” (10.7% relative abundance). 
“Candidatus Acetothermus autotrophicum” is an uncultivated bacterium collected from a 
subsurface thermophilic microbial mat, which shares the core gene cluster of the acethyl-
CoA pathway with acetogens, methanogens, and some sulfur- and iron-reducers (Takami 
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et al., 2011). Notice the significant portion of the community that was grouped into 
“Other” (their relative abundances were each <1%). This indicates that there is an 
extremely complex microbial community at OF 2, perhaps hindering large parts of the 
population being dominated by phototrophs.  
Empress OF 3 (T = 50.0°C) is below the photosynthetic fringe of the outflow, 
with a prokaryotic photosynthetic community relative abundance of 3.4%. “Other” taxa 
make up an even greater part of the community at OF 3 than OF 2, though “Candidatus 
Acetothermus autotrophicum” also contributes 23.0% of the relative abundance. 
Interestingly, the archaeal diversity of Nitrosocaldus and Nitrososphaera is lowest at OF 
3 in spite of slightly higher energy available from ammonium oxidation than at OF 1, as 
well as the increase of energy available from ammonia oxidation down the outflow (see 
Figure 6.17). 
 
18S Analysis 
18S rRNA sequences were not detected at OF 1 or OF 2. At OF 3, there is a large 
diversity of 24 eukaryotic taxa. The most dominant is Mortierella lignicola (25.8%), a 
fungus commonly found in forest soils and wood (Watanabe et al., 1998). As previously 
stated, because fungi, and eukaryotes in general, are poorly understood in hot spring 
systems, one must be cautious in assuming that these taxa are living within the outflow. 
In this case, for example, M. lignicola could have been introduced by the surrounding 
environment, which hosts a wooded environment of conifers. 
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Figure 6.16. 18S rRNA sequencing results from the Empress hot spring system. The Rhogostoma 
cylindrica assignment is one of two assignments to the same NCBI database sequence, but with different 
percent identities. 
 
Energy Analyses 
Ammonium oxidation with oxygen offers the most energy across the three sample 
locations of Empress. The energy increases slightly at the photosynthetic fringe, then 
decreases at OF 3, perhaps indicating that the community in the photosynthetic area of 
Empress, though producing ammonium, cannot do so at a faster rate than its oxidation. 
However, Reaction 5 increases down the outflow, meaning that ammonia production is 
also occurring. Reaction 2 only offers >5% of the energy at OF 1, but offers very little at 
OF 2 and OF 3; at the same time, energy from Reaction 3 increases slightly at OF 3, 
which may indicate a higher bisulfide rate than H2S rate in the photosynthetic zone of the 
fringe. The trend of Reaction 3 is the opposite of the trend of Reaction 4, potentially 
indicating a relationship between these energy availabilities and the microbial 
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Figure 6.17. Reactions that contribute greater than 5% of the total energy available of at least one 
sample location in the Empress hot spring system. For the first time, energy from ammonia 
oxidation (Reaction 5) is part of this >5% energetic contribution; this energy increase steadily 
down the outflow. Energy from ammonium oxidation (Reaction 4) increases at the fringe, then 
decreases below. Energy from bisulfide oxidation (Reaction 3) decreases at the fringe and 
increases below, while energy from H2S oxidation (Reaction 2) decreases steadily down the 
outflow. 
communities using them. Accordingly, reactions 3 and 4 are not well-represented in 
Figure 1.4, though the energy at OF 3 trending towards the energy originally available at 
OF 1 may best categorize them under Schematic B. Reaction 2 best follows Schematic C, 
while Reaction 5 best follows Schematic A. There are no known H2S or HS
-
 oxidizers in 
the Empress system, although the large proportion of taxa composing <1% of the relative 
abundance may hold complex relationships not researched for this study. Known or 
expected ammonium or ammonia oxidizers are “Candidatus Nitrososphaera,” 
“Candidatus Nitrosocaldus yellowstonii,” and “Candidatus Nitrosocaldus cavascurensis.”  
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Oxygen is the major oxidant and ammonium is the major reductant across all four 
sites of Mutant Minnie. The reductive energy of H2S is highest at OF 1, contributing 
26.2% of the energy. The greatest energy available at Empress is 2.18 cal kg
-1
 at OF 3, 
although the energy at all three sample locations is very similar.  
 
Discussion 
 The photosynthetic fringe fell on or near the Cox et al. (2011) line in five of the 
twelve hot spring systems analyzed in this study. Of those, Bison Pool had phototrophs 
detected at OF 1, though it was intended to be entirely chemotrophic sample location. 
This suggests that visual identification of photosynthetic activity is not always reliable. 
Instead, there may be a visual photosynthetic fringe, in which pigmentation from 
phototrophs is easily observed (Bison OF 2), and a true photosynthetic fringe, at which 
phototrophs are actively metabolizing, though not necessarily at high enough abundance 
Figure 6.18. Percent energy yielded at each sample location of Empress according to the oxidant and 
reductant. Total energy (cal kg-1) at each sample location is also shown. 
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to produce easily visualized pigmentation (Bison OF 1). These points serve to emphasize 
the terminology of ‘fringe’ to capture transitions that can, at times, be less distinct than 
they might at first appear.  
The photosynthetic fringe exceeded the Cox et al. (2011) line in three of the 
twelve hot springs systems. Two of those, Cyanidium Falls and Mojito, exceeded the 
temperature maximum for photosynthesis at low pH, suggesting that a sample set 
representing more diverse hot spring geochemistries will alter where that fringe lies. For 
example, the extremely acidic conditions of these two systems were not included in Cox 
et al. (2011); as such this study expands upon the known limits of photosynthesis in T-pH 
space. The photosynthetic fringe of last of these three springs, Goldilocks, fell right on 
the T-pH fringe line, but significantly surpassed the T-sulfide fringe line. Because of how 
high the sulfide concentration was, it may be that the phototrophs detected at Goldilocks 
OF 1 have developed a coping mechanism, though the proximity of OF 1 to OF 2 may 
have introduced non-active phototrophs to the otherwise chemosynthetic zone. 
The photosynthetic fringe fell below the Cox et al. (2011) line in four of the 
twelve hot spring systems. As that study showed, it is possible for non-photosynthetic 
sample locations to be present in geochemical conditions where photosynthetic ones are 
active, suggesting photosynthetic inhibition outside of temperature, pH, or sulfide space. 
In the case of these four systems, high chloride concentrations correspond to 
photosynthetic fringes that appeared at lower-than-expected temperatures, suggesting a 
salinity-based inhibition of the phototrophs there. Systems like Figure 8 and Empress, in 
which there is indistinct or no visual photosynthesis at or below the fringe, add further 
94 
 
evidence that active photosynthesis is not always defined by a visual transition from 
strictly chemosynthesis to a combination of chemosynthesis and photosynthesis.  
 Dominant taxa in the hot springs systems remain similar in different pH ranges. 
For example, the acidic systems like Cyanidium Falls, Mojito, and Goldilocks, all host 
considerable populations of Hydrogenobaculum and Aciduliprofundum above their 
respective photosynthetic fringes. Similarly, the photosynthetic communities of all three 
are dominated by the green alga Cyanidioschyzon merolae. On the other hand, the 
alkaline systems like Mound, Peekaboo, and Old Blue Eyes, host taxa like Thermocrinis 
ruber, Thermus, and Eubacterium above their photosynthetic fringes, while their 
photosynthetic communities were composed of primarily the cyanobacterium 
Synechococcus. Eukaryotic diversity is greater in the circumneutral and alkaline systems, 
with fungi, protists, and diatoms being detected more than algae, unlike the acidic 
systems. Further research on eukaryotic diversity in hot spring systems would help to 
reveal the relationships among eukaryotes themselves, as well as their effect on 
chemosynthetic and photosynthetic communities. Additionally, similarities of taxa to 
cultured sequences in the NCBI database to which they were assigned were not always 
high. This situation could be improved by renewed efforts to cultivate microbes from 
such complex geochemical environments. 
In many cases, the energy available according to geochemical measurements 
made do not align with the known metabolic capabilities of detected prokaryotes. For 
example, ammonium and ammonia oxidation yield the most energy across a majority of 
the sample locations, and yet the dominant taxa are not known to perform 
ammonium/ammonia oxidation. The only taxa that fit this metabolism are the archaea 
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“Candidatus Nitrosocaldus islandicus,” “Candidatus Nitrosocaldus yellowstonii,” and 
“Candidatus Nitrosocaldus cavascurensis,” though none of them were dominant at 
sample locations where ammonium/ammonia oxidation energy yield the highest amounts 
of energy. Their percent relative abundances decrease down the outflows of these 
systems, even though energy for these metabolisms tends to increase at or below the 
photosynthetic fringe. The mismatch between energy supplies and the known 
metabolisms of hot spring inhabitants is a major finding of this study. It may be 
particularly profitable to study ammonium oxidation in acidic hot spring systems, as it 
seems unlikely that a rich source of energy is not being consumed. Additionally, a more 
extensive list of metabolic reactions, and by extension, their available energies in these 
hot spring systems would provide a more complete understanding of the 
geomicrobiological relationships therein. For example, making measurements of 
elemental sulfur and thiosulfate would allow for analysis of metabolisms that align with 
taxa detected in this study, as well as provide a clearer picture of the sulfur cycles in these 
systems.  
Across all 46 sample locations, reactions in which oxygen is the oxidant yield the 
most oxidative energy, followed by nitrate, though oxidation by nitrate was never a 
dominant metabolism. Of the included oxidants, the energy yields compare as follows: O2 
> NO3
-
 > SO4
2-
 > CO > DIC. Because these systems are sampled at the surface and the 
water is in direct contact with the atmosphere, the overwhelming presence of oxygen 
aligns with it being the most profitable oxidant for chemosynthetic metabolisms. The 
reductant energies were more variable according to the sample location; however, 
ammonium and ammonia, depending on the dominant species in the pH of the system, 
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yielded the most total reductive energy in most of the systems. This was an unexpected 
result due to the relatively few known ammonia and ammonium oxidizers in hot spring 
systems. Though sulfide oxidation has been reported on more, for example, it was only 
the dominant reductant in twelve of the 46 sample locations. Of the included reductants, 
the energy yields compare as follows: NH4
+
/NH3 > H2S/HS
-
 > CH4 > CO > H2. Though 
Spear et al. (2005) claimed that hydrogen oxidation is a dominant metabolism in 
Yellowstone hot spring ecosystems, the results of this study that show available energy 
instead reveal that these systems do not host so-called “hydrogen-based energy 
economy.”  
The relationship between the geochemistry of hot springs in Yellowstone National 
Park and the microbial communities living in them is complex. Because we are just 
beginning to understand these microbes, there are discrepancies between the energy 
available in the system and the metabolisms that the microbes detected in the samples are 
known to perform. These discrepancies reveal the gaps that can be most profitably filled 
to enable greater understanding of how the metabolisms of hot spring inhabitants merge 
with the geochemical energy sources, and the underlying geologic processes that make 
those energy sources possible. 
 
Suggested Future Work 
 The significant energy available in these Yellowstone hot spring systems from 
ammonium oxidation but the lack of evidence suggesting the presence of ammonium 
oxidizing microbes in many sample locations calls for an analysis of metabolic 
capabilities of hot spring communities. Though some organisms are known to perform 
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certain metabolisms, specifically testing their ability to oxidize ammonium would 
elucidate the energy-microbe discrepancy. For example, Crater Hills Geyser Pool had a 
significant amount of energy available from ammonium oxidation but hosted a large 
relative abundance of Hydrogenobaculum, which is not understood to be capable of using 
that energy. If the energy from ammonium oxidation is not being utilized by any 
chemotrophs, studying what conditions in these systems are inhibiting ammonium 
oxidizers could explain why such significant energy sources are not being utilized. 
 Suppression of photosynthetic activity due to salinity is another yet unexplained 
phenomenon demonstrated by this study’s results. Though salts have been shown to 
inhibit phototrophs in previous studies, no such research had been done in hot spring 
systems and the phototrophs living there. Once again referencing Crater Hills Geyser 
Pool, there were no phototrophic bacteria or archaea detected there, though in very 
similar conditions in Cyanidium Falls, Mojitio, and Goldilocks, the red alga 
Cyanidioschyzon merolae was a largely dominant. It is possible that taxa that pioneer the 
photosynthetic fringe in some systems are more susceptible to salt inhibition than others, 
thus shifting the photosynthetic fringe in systems where salinity is higher like we see in 
the mid-pH systems analyzed in this study. 
 The capabilities of eukaryotes in extreme conditions like those present in 
Yellowstone hot springs must be more thoroughly studied. This study documented taxa 
that have not yet been described in hot spring environments, including protists, fungi, 
algae, and diatoms. Expanding the expected habitants of hot springs from solely 
eukaryotes to include complex communities of eukaryotes will provide a more complete 
understanding of the overall biosphere of these systems. Especially in places where there 
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is higher biomass, like in the photosynthetic zones of the fringe, the effects that 
eukaryotes have on the prokaryotic communities (predation or symbiosis, for example) 
may add to the complex nature of hot spring ecosystems and the photosynthetic fringe.   
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Sample Location System Area pH T (°C) HCO3
-
 O2,AQ HS
-
 Fe
+2
 CH4, AQ H2,AQ 
Cyanidium Falls OF 1 Crater Hills 1.9 58.8 1055.69 25.00 4.15 562.27 0.138 0.029 
Cyanidium Falls OF 1.5 Crater Hills 1.9 57.5 579.69 8.13 4.34 451.25 
  
Cyanidium Falls OF 2 Crater Hills 2.0 53.0 532.75 56.25 2.09 381.41 0.052 0.010 
Cyanidium Falls OF 3 Crater Hills 1.9 50.3 331.82 56.25 0.31 333.06 0.056 0.014 
Cyanidum Falls OF 
Green 
Crater Hills 1.9 50.8 135.76 34.38 1.43 501.39 
  
Mojito OF 1 Amphitheater 2.4 74.0 1573.59 46.88 0.31 5.91 0.157 0.008 
Mojito 1.5 Amphitheater 2.4 62.3 209.89 25.00 0.62 51.93 
  
Mojito OF 2 Amphitheater 2.3 52.8 188.17 59.38 1.15 6.45 0.024 0.004 
Mojito OF 3 Amphitheater 2.3 50.9 326.78 84.38 3.09 6.98 
  
Mojito OF 4 Amphitheater 2.3 53.5 181.99 9.38 13.04 64.82 0.328 0.011 
Mojito OF Green Amphitheater 2.4 44.1 171.06 93.76 2.37 37.25 0.030 0.007 
Goldilocks OF 1 Sylvan 2.5 49.7 300.79 54.80 55.83 66.43 0.042 
 
Goldilocks OF 2 Sylvan 2.5 47.1 66.55 81.26 18.56 61.60 0.028 0.015 
Goldilocks OF 3 Sylvan 2.5 44.4 
 
96.88 0.53 40.65 0.005 0.000 
Crater Hills Geyser Pool Crater Hills 3.4 46.3 4.53 128.13 0.37 5.91 
 
0.009 
Crater Hills Geyser OF 2 Crater Hills 3.7 28.8 3.68 146.88 0.50 4.12 0.001 0.020 
Crater Hills Geyser OF 3 Crater Hills 3.6 28.6 18.45 134.38 0.72 5.91 0.005 0.017 
Mutant Minnie Source Norris 3.9 77.5 75.37 23.44 0.94 4.12 
  
Mutant Minnie OF 1 Norris 5.5 66.8 9.94 18.75 0.16 
 
0.002 0.010 
Mutant Minnie OF 2 Norris 5.7 53.9 
 
65.63 1.19 0.54 0.000 0.009 
Mutant Minnie OF 3 Norris 5.6 33.2 
 
137.51 1.81 1.07 0.004 0.047 
Figure 8 OF 1 GOPA 5.2 64.1 700.23 17.38 0.50 3.76 0.088 0.057 
Figure 8 OF 2 GOPA 5.8 58.8 369.02 50.00 0.72 
 
0.055 0.017 
Figure 8 OF 3 GOPA 6.1 50.9 
 
68.75 0.56 
   
Figure 8 OF 4 GOPA 6.5 43.7 332.35 93.76 0.84 1.07 0.003 0.012 
Empress OF 1 Geyser Creek 7.1 70.2 2488.66 75.00 3.15 0.18 0.026 0.019 
Empress OF 2 Geyser Creek 7.7 54.8 2395.04 71.88 1.12 
 
0.004 0.009 
Empress OF 3 Geyser Creek 8.0 50.0 2157.45 81.26 1.56 
 
0.072 0.010 
Bison OF 0.5 Sentinel Meadows 7.9 83.5 5506.69 12.50 2.40 
 
0.016 0.008 
Bison OF 1 Sentinel Meadows 8.1 73.1 5364.02 12.50 0.69 
 
0.004 0.010 
Bison OF 2 Sentinel Meadows 8.2 69.3 5408.39 18.75 0.41 0.36 0.010 0.044 
Bison OF 3 Sentinel Meadows 8.3 68.0 5344.24 21.88 0.34 
 
0.125 0.056 
Bison Source Sentinel Meadows 7.6 92.2 5576.91 3.91 7.64 
  
0.020 
Rabbit's Nest OF 1 Rabbit North 8.6 77.6 3045.58 15.63 
  
0.005 0.005 
Rabbit's Nest OF 2 Rabbit North 8.8 70.8 3506.98 100.01 0.22 
 
0.001 
 
Rabbit's Nest OF 3 Rabbit North 8.7 66.8 3491.72 46.88 
  
0.000 0.011 
Old Blue Eyes OF 1 Rabbit North 8.8 76.9 2942.94 28.13 9.01 
 
0.004 0.012 
Old Blue Eyes OF 2 Rabbit North 8.8 72.8 2996.15 37.50 6.96 
 
0.004 0.009 
Old Blue Eyes OF 3 Rabbit North 8.9 69.5 2982.59 37.50 4.24 
 
0.006 
 
Peekaboo OF 1 Rabbit North 9.0 78.2 2938.67 21.10 
  
0.002 0.039 
Peekaboo OF 2 Rabbit North 9.0 73.0 2933.29 15.63 
    
Peekaboo OF 3 Rabbit North 9.0 69.9 2944.96 25.00 
 
3.22 
  
Mound OF 0.5 Sentinel Meadows 8.9 75.4 2738.43 18.75 26.20 0.90 
  
Mound OF 1 Sentinel Meadows 9.0 67.9 2768.29 37.50 17.84 
 
0.002 0.008 
Mound OF 2 Sentinel Meadows 9.0 64.6 2839.85 28.13 12.79 0.18 0.002 0.010 
Mound OF 3 Sentinel Meadows 9.0 59.2 2825.19 75.00 12.23 
 
0.003 0.001 
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Sample Location System Area pH T (°C) CO,AQ SO4
-2
 NO3
-
 NH4
+
 Cl
-
 
Cyanidium Falls OF 1 Crater Hills 1.9 58.8 0.073 18994.67 0.11 457.00 38.09 
Cyanidium Falls OF 1.5 Crater Hills 1.9 57.5 
 
19086.25 0.07 450.01 38.21 
Cyanidium Falls OF 2 Crater Hills 2.0 53.0 0.056 19579.81 0.07 409.56 39.39 
Cyanidium Falls OF 3 Crater Hills 1.9 50.3 0.096 19250.39 0.08 455.23 40.62 
Cyanidum Falls OF 
Green 
Crater Hills 1.9 50.8 
 
23134.58 0.15 359.62 43.42 
Mojito OF 1 Amphitheater 2.4 74.0 0.032 7414.62 0.20 166.33 146.60 
Mojito 1.5 Amphitheater 2.4 62.3 
 
7575.51 0.08 202.49 149.83 
Mojito OF 2 Amphitheater 2.3 52.8 0.068 7107.28 0.10 196.78 494.89 
Mojito OF 3 Amphitheater 2.3 50.9 
 
7220.43 0.55 208.05 606.73 
Mojito OF 4 Amphitheater 2.3 53.5 0.109 7289.79 0.10 192.83 442.49 
Mojito OF Green Amphitheater 2.4 44.1 0.019 6719.75 0.21 186.82 928.26 
Goldilocks OF 1 Sylvan 2.5 49.7 0.006 5449.18 0.13 169.68 4323.39 
Goldilocks OF 2 Sylvan 2.5 47.1 0.021 5515.34 0.26 176.45 4369.35 
Goldilocks OF 3 Sylvan 2.5 44.4 0.032 5562.43 0.15 155.32 4378.88 
Crater Hills Geyser Pool Crater Hills 3.4 46.3 0.025 5823.46 0.36 1064.16 25397.25 
Crater Hills Geyser OF 2 Crater Hills 3.7 28.8 0.033 6380.81 0.99 1171.26 28321.76 
Crater Hills Geyser OF 3 Crater Hills 3.6 28.6 0.085 6655.58 0.65 1063.76 29306.57 
Mutant Minnie Source Norris 3.9 77.5 
 
881.41 0.24 52.38 18660.30 
Mutant Minnie OF 1 Norris 5.5 66.8 0.060 585.23 0.25 41.07 19052.03 
Mutant Minnie OF 2 Norris 5.7 53.9 
 
506.45 0.36 36.97 19866.11 
Mutant Minnie OF 3 Norris 5.6 33.2 
 
519.33 1.01 39.28 19337.57 
Figure 8 OF 1 GOPA 5.2 64.1 0.129 3015.09 0.08 5.47 12619.62 
Figure 8 OF 2 GOPA 5.8 58.8 0.103 3023.83 0.08 5.39 12631.71 
Figure 8 OF 3 GOPA 6.1 50.9 0.021 3058.21 0.39 3.81 12496.64 
Figure 8 OF 4 GOPA 6.5 43.7 0.047 3190.48 0.15 3.18 12872.67 
Empress OF 1 Geyser Creek 7.1 70.2 0.056 1075.01 0.10 19.94 9702.67 
Empress OF 2 Geyser Creek 7.7 54.8 0.053 1101.34 0.25 24.33 9780.61 
Empress OF 3 Geyser Creek 8.0 50.0 0.161 1104.46 0.18 22.91 9778.83 
Bison OF 0.5 Sentinel Meadows 7.9 83.5 0.091 165.61 0.09 2.79 5851.59 
Bison OF 1 Sentinel Meadows 8.1 73.1 0.160 173.02 0.13 1.35 6280.68 
Bison OF 2 Sentinel Meadows 8.2 69.3 0.175 174.70 0.20 8.01 6128.01 
Bison OF 3 Sentinel Meadows 8.3 68.0 0.123 175.32 0.16 5.40 6130.02 
Bison Source Sentinel Meadows 7.6 92.2 0.199 163.74 0.12 3.48 6095.15 
Rabbit's Nest OF 1 Rabbit North 8.6 77.6 0.048 280.30 0.28 0.88 6933.88 
Rabbit's Nest OF 2 Rabbit North 8.8 70.8 0.017 280.07 0.22 3.42 6843.53 
Rabbit's Nest OF 3 Rabbit North 8.7 66.8 0.025 283.24 0.16 4.20 6807.48 
Old Blue Eyes OF 1 Rabbit North 8.8 76.9 0.092 187.88 0.29 1.49 8225.98 
Old Blue Eyes OF 2 Rabbit North 8.8 72.8 0.046 195.95 0.31 3.88 8367.70 
Old Blue Eyes OF 3 Rabbit North 8.9 69.5 0.018 202.10 0.34 2.52 8428.81 
Peekaboo OF 1 Rabbit North 9.0 78.2 0.190 250.42 0.47 0.62 7558.78 
Peekaboo OF 2 Rabbit North 9.0 73.0 0.133 251.30 0.57 1.30 7503.67 
Peekaboo OF 3 Rabbit North 9.0 69.9 0.098 254.38 0.65 0.89 7613.55 
Mound OF 0.5 Sentinel Meadows 8.9 75.4 0.087 159.07 0.16 0.83 6937.32 
Mound OF 1 Sentinel Meadows 9.0 67.9 0.065 169.53 0.38 5.26 6978.85 
Mound OF 2 Sentinel Meadows 9.0 64.6 0.162 172.34 0.73 4.01 6979.54 
Mound OF 3 Sentinel Meadows 9.0 59.2 0.107 173.26 0.09 3.19 7095.76 
  
Table A.1. Geochemical measurements made for the 46 sample locations. All measurements 
other than temperature and pH are in µM.  
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   
Sample 
Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
OF 
Green 
OF 3 OF 2 OF 4 OF 1.5 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 Pool OF 3 OF 2 OF 1 Source 
   
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 44.1 50.9 52.8 53.5 62.3 74.0 44.4 47.1 49.7 28.6 28.8 46.3 33.2 53.9 66.8 77.5 
   pH 1.9 1.9 2.0 1.9 1.9 2.4 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 3.6 3.7 3.4 5.6 5.7 5.5 3.9 
NCBI Assignment 
NCBI % 
Identity 
Accession # 
                      
Candidatus 
Nitrosocaldus 
cavascurensis 
87 LT981265.1                       
Candidatus 
Nitrososphaera sp. 84 LN827538.1                       
Candidatus 
Nitrosocaldus 
yellowstonii 
85 EU239960.1                       
Candidatus 
Caldiarchaeum 
subterraneum 
97 JN881579.1                       
Candidatus 
Caldiarchaeum 
subterraneum 
98 AP011878.1                       
Candidatus 
Nitrosocaldus 
islandicus 
87 CP024014.1  4.0  
7.6 2.3 11.5 
 
1.2 5.4 2.8 9.3 19.5 
 
1.6 7.2 
     
1.3 
 
Caldococcus 
noboribetus 96 D85038.1            
22.4 
          
Acidolobus sp. 7A 99 CP010515.1            
1.2 
          
Uncultured 
Desulfurococcales 
archaeon clone 
100 HM448087.1                       
Caldisphaera 
draconis 99 NR_115941.1      
1.6 
    
1.0 
           
Thermogladius 
calderae 94 NR_148751.1                       
Pyrodictium 
delaneyi 95 CP013011.1                       
Thermosphaera 
aggregans 99 NR_074380.1                       
Fervidicoccus 
fontis 95 NR_102939.1                       
Thermofilum 
uzonense 86 NR_146002.1                       
Fervidicoccus 
fontis 86 NR_102939.1  17.6  
10.3 1.2 3.4 
  
7.4 7.0 2.3 
   
8.5 
       
Candidatus 
Nitrosocaldus 
cavascurensis 
88 LT981265.1           
1.8 
         
6.5 
 
Acidianus brierleyi 99 CP029289.1            
1.8 
          
Metallosphaera 
yellowstonensis 100 JN971014.1      
3.5 
    
19.7 
         
7.8 
 
Stygiolobus 
azoricus 99 NR_043434.1            
9.1 
          
Saccharolobus 
caldissimus 100 LC275065.1           
1.2 
         
11.3 
 
Sulfolobus 
metallicus 99 EU419200.1     
2.7 14.4 
    
2.4 
           
Thermofilum 
carboxyditrophus 99 CP007493.1                      
1.5 
Thermofilum 
uzonense 96 NR_146002.1                       
Caldivirga 
maquilingensis 97 NR_102972.2            
1.2 
          
Uncultured 
Thermoproteales 
archaeon clone 
96 HM448068.1                       
Thermobaculum 
sp. 100 CP012158.1                      
24.4 
Uncultured 
Thermoproteales 
archaeon clone 
95 HM448068.1                       
Thermocladium 
modestius 98 NR_040779.1      
1.5 
    
1.3 1.9 
          
Vulcaniesta 
distributa 98 NR_102943.1            
3.7 
          
Vulcaniesta 
distributa 98 NR_102943.1            
3.2 
          
Aciduliprofundum 
sp. 85 CP003168.1  11.2  
9.5 
    
2.9 3.2 
    
9.2 
       
Aciduliprofundum 
sp. 89 CP003168.1  20.4 7.5 18.5 15.1 30.5 1.7 9.9 20.3 15.9 34.3   
16.5 15.2 
    
11.1 1.6 
 
Thermoplasma sp. 99 MG970327.1   
2.0 3.8 1.2 
                 
Candidatus 
Nitrosocaldus 
yellowstonii 
99 EU239960.1                       
Candidatus 
Nitrosocaldus 
yellowstonii 
95 EU239960.1                       
Candidatus 
Nitrosphaera sp. 91 LN827538.1                    
2.0 
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 OF Green OF 2 OF 1.5 OF 1 
OF 
Green 
OF 3 OF 2 OF 4 OF 1.5 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 Pool OF 3 OF 2 OF 1 Source 
   T (°C) 50.3 50.8 53.0 57.5 58.8 44.1 50.9 52.8 53.5 62.3 74.0 44.4 47.1 49.7 28.6 28.8 46.3 33.2 53.9 66.8 77.5 
   pH 1.9 1.9 2.0 1.9 1.9 2.4 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 3.6 3.7 3.4 5.6 5.7 5.5 3.9 
Candidatus 
Acetothermia 89 LS483254.1                       
Candidatus 
Acetothermus 
autotrophicum 
97 AP011801.1                       
Inmirania 
thermothiophila 85 NR_148577.1                       
Thermomarinilinea 
lacunifontana 86 NR_132293.1                       
Candidatus 
Chloracidobacteriu
m thermophilum 
99 EF531339.1                       
Acidimicrobium 
ferrooxidans 100 KF889722.1  13.8 13.9 19.6 53.8  
2.3 7.5 8.4 9.6 
  
2.8 8.5 
        
Actinobacterium 98 AY495954.1       
5.4 
     
5.7 
         
Acidithiomicrobiu
m 98 GQ225720.1   
8.5 1.4 
  
5.4 3.7 
    
7.5 
         
Aciditerrimonas 
ferrireducens 97 NR_112972.1                    
1.3 
  
Actinobacteria 98 MF503098.1        
1.9 1.1 1.3 
        
1.4 
   
Acidimicrobidae 96 AY673309.1   
1.2 
   
2.5 3.0 1.9 1.6 
         
2.3 
  
Bacterium A4E11 98 JX869411.1   
1.0 
   
1.1 1.4 
              
Bacterium B10H12 98 JX869441.1  1.2 13.6 2.0   
8.0 3.2 
 
1.5 
  
4.2 1.1 
        
Bacterium A4E11 95 JX869411.1        
1.2 
              
Mycobacterium 
parascrofulaceum 99 MG923211.1                
10.8 12.5 
     
Mycolicibacter 
paraterrae 99 EU919229.2                
1.6 1.4 
     
Bacterium Ellin25 99 AF498707.1        
1.1 
              
Thermocrinis ruber 98 LN681406.1                   
12.3 7.9 58.3 66.7 
Hydrogenobaculu
m sp. 99 CP004390.1  3.0 9.9 6.5 6.8 29.7 1.3 2.8 13.9 9.3 20.0 31.6 9.8 25.8 44.8 5.8 2.5 97.2   
1.1 
 
Sulfurihydrogenibi
um yellowstonense 99 JQ346738.1                       
Eubacterium sp. 95 L04707.1                       
Eubacterium sp. 97 L04707.1                       
Uncultured 
Candidatus 
Atribacteria 
99 KT897617.1                       
Sediminibacterium 
salmoneum 99 MG763907.1                   
4.1 
   
Sediminibacterium 
salmoneum 99 MG763907.1                   
17.9 6.1 
  
Lewinella 
cohaerens 81 EU371937.1                   
1.2 3.2 
  
Aliifodinibius 
salicampi 84 NR_157713.1                       
Natranaerobius 
thermophilus 86 NR_074181.1                       
Rhodothermus 
clarus 87 AB252420.1                       
Rhodothermus 
profundi 86 NR_116762.1                       
Caldisericum exile 89 NR_075015.2                       
Eubacterium 98 U05662.1                       
Thermomarinilinea 
lacunifontana 92 NR_132293.1                       
Caldilinea 
aerophila 99 NR_074397.1                       
Candidatus 
Roseilinea gracile 97 KY937207.1                       
Bellilinea 
caldifistulae 83 NR_041354.1                       
Bacterium YC-
ZSS-LKJ145 92 KP174521.1                       
Thermoflexus 
hugenholtzii 88 NR_125668.1                       
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 OF Green OF 2 OF 1.5 OF 1 
OF 
Green 
OF 3 OF 2 OF 4 OF 1.5 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 Pool OF 3 OF 2 OF 1 Source 
   T (°C) 50.3 50.8 53.0 57.5 58.8 44.1 50.9 52.8 53.5 62.3 74.0 44.4 47.1 49.7 28.6 28.8 46.3 33.2 53.9 66.8 77.5 
   pH 1.9 1.9 2.0 1.9 1.9 2.4 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 3.6 3.7 3.4 5.6 5.7 5.5 3.9 
Candidatus 
Chloranaerofilum 
corporosum 
99 KY937209.1                       
Chloroflexus sp. 98 KR230107.1                       
Roseiflexus 
castenholzii 96 NR_074188.1                       
Roseflexus sp. 99 CP000686.1                       
Thermaerobacter 
composti 83 NR_112810.2                       
Thermomicrobium 
roseum 99 NR_044678.2                       
Chloroflexi 
bacterium 88 HQ675555.1                       
Chloroflexi 
bacterium 89 AY673403.1                    
1.5 
  
Uncultured 
bacterium clone 97 GU113055.1                    
22.6 
  
Synechococcus sp. 99 AF132773.1                       
Synechococcus sp. 99 AF505960.1                       
Synechococcus sp. 99 AF285254.1                       
Synechococcus sp. 99 AF132774.1                       
Synechococcus sp. 99 AF132774.1                       
Leptolyngbya cf. 
halophila 99 HQ832906.1                       
Leptolyngbya sp. 99 KC182752.1                       
Bacterium YC-
ZSS-LKJ19 94 KP174522.1                       
Meiothermus 
granaticius 100 NR_117536.1   
1.6 1.8 4.5 
  
10.1 11.6 15.8 
            
Thermus sp. HR13 99 AF384168.1                    
2.1 9.2 
 
Desulfurella sp. 100 HE860492.1  6.8 2.7 1.5   
3.4 9.1 6.0 4.0 
   
3.8 4.7 
       
Coprothermobacter 
sp. 82 AJ431252.1                       
Alicyclobacillus 
acidocaldarius 99 KU749323.1                       
Alicyclobacillus 
sp. 99 KY118091.1                
5.0 3.2 
     
Bacillus nealsonii 99 MH729056.1                 
3.5 
     
Bacillus velezensis 100 MH730069.1                
2.9 
      
Ralstonia 
solanacearum 99 CP011998.1                
2.4 
      
Caloramator sp. 99 HQ342686.1                       
Sulfobacillus 
benefaciens 92 EU495236.1    
1.1 
      
1.5 
           
Thermanaerovibrio 
velox 88 NR_104765.1                    
2.4 
  
Calditerricola sp. 88 AB744662.1                       
Eubacteria EM3 99 U05660.1                       
Bacterium strain 
2NS-CHS3-s1 93 MG264162.1                       
Thermodesulfovibr
io aggregans 86 NR_040795.1                       
Uncultured 
Aquificales 
bacterium clone 
100 HM448276.1                       
Uncultured 
Aquificales 
bacterium clone 
99 HM448356.1                       
Luteimonas sp. 81 KT154900.1       
2.1 
     
2.2 
         
Gemmata 
massiliana 95 NR_148576.1                       
Aquisphaera 
giovannonii 95 NR_122081.1       
2.6 
           
2.4 
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 OF Green OF 2 OF 1.5 OF 1 
OF 
Green 
OF 3 OF 2 OF 4 OF 1.5 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 Pool OF 3 OF 2 OF 1 Source 
   T (°C) 50.3 50.8 53.0 57.5 58.8 44.1 50.9 52.8 53.5 62.3 74.0 44.4 47.1 49.7 28.6 28.8 46.3 33.2 53.9 66.8 77.5 
   pH 1.9 1.9 2.0 1.9 1.9 2.4 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 3.6 3.7 3.4 5.6 5.7 5.5 3.9 
Acidicaldus sp. 97 KF933859.1  2.1 7.1 4.2 2.3  
2.2 12.4 9.4 12.1 1.4 
 
5.5 2.2 
     
15.9 
  
Acidiphilium sp. 99 KC208494.1                   
4.4 
   
Acidisphaera sp. 95 KY908234.1                   
1.3 
   
Acidisphaera sp. 96 LN866585.1                   
1.6 
   
Acidisphaera 
rubrifaciens 97 KF017282.1       
5.3 
     
7.2 
  
1.7 2.9 
 
7.7 
   
Rhodobacter sp. 99 KT826440.1                       
Candidatus 
Megaira 
polyxenophila 
99 MG699452.1                 
2.7 
     
Candidatus 
Alysiosphaera 
europeae 
94 AY428766.1                       
Desulfomonile 
tiedjei 87 NR_074118.1                    
1.6 
  
Syntrophorhabdus 
aromaticivorans 90 NR_041306.1                       
Bacterium strain 
1NS-CHS3-s1 98 MG264161.1                       
Thermodesulfobact
erium geofontis 96 NR_118457.1                      
1.9 
Acidithiobacillus 
thiooxidans 99 MG386695.1                
14.0 23.5 
     
Acidithiobacillus 
caldus 99 CP026328.1   
9.3 
   
9.2 3.6 
 
1.7 
  
18.5 28.5 6.3 2.5 2.3 
     
Ectothiorhodospira 
mobilis 91 MG264195.1  2.4 13.1 2.6   
30.2 20.8 1.8 8.0 
  
18.2 2.8 
        
Thiomonas sp. 99 JN885793.1                
49.9 42.1 
 
21.2 15.3 
  
Sideroxydans 
paludicola 99 DQ386858.1                       
Metallibacterium 
sp 99 HE858262.1                   
4.6 
   
Metallibacterium 
sp. 95 HE858262.1                   
1.2 
   
Methylomicrobium 
alcaliphilum 89 NR_074649.1                
1.4 
      
Pseudothermotoga 
thermarum 82 NR_074833.1                       
Athalassotoga 
saccharophila 95 NR_148666.1  10.4 5.3    
9.3 4.1 4.4 3.9 
  
10.1 4.1 1.3 
       
Fervidobacterium 
riparium 97 NR_108234.1                       
Thermotoga 
caldifontis 99 NR_133903.1                       
Uncultured 
bacterium clone 98 JQ380076.2                   
5.2 
   
Unassigned 
   
1.3 
 
5.4 1.4 2.5 
    
2.6 
   
1.3 
       
Other 
   
6.0 3.2 4.1 8.9 1.5 8.0 3.1 5.4 2.3 1.1 4.4 8.2 5.2 1.6 1.9 3.5 2.8 13.5 4.8 2.9 5.5 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool 
Rabbit’s 
Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
Source OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
   
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 68.0 69.3 73.1 83.5 92.2 66.8 70.8 77.6 69.5 72.8 76.9 69.9 73.0 78.2 59.2 64.6 67.9 75.4 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 8.3 8.2 8.1 7.9 7.6 8.7 8.8 8.6 8.9 8.8 8.8 9.0 9.0 9.0 9.0 9.0 9.0 8.9 
NCBI Assignment 
NCBI % 
Identity 
Accession # 
                          
Candidatus 
Nitrosocaldus 
cavascurensis 
87 LT981265.1    
7.1 
  
6.1 1.3 
                  
Candidatus 
Nitrososphaera sp. 84 LN827538.1       
1.1 
                   
Candidatus 
Nitrosocaldus 
yellowstonii 
85 EU239960.1       
2.4 
                   
Candidatus 
Caldiarchaeum 
subterraneum 
97 JN881579.1        
3.5 
  
3.4 
 
7.0 
 
1.5 2.5 
 
1.7 
 
1.9 
 
2.8 2.5 1.7 3.1 
 
Candidatus 
Caldiarchaeum 
subterraneum 
98 AP011878.1       
2.7 15.5 2.3 6.8 16.8 8.7 
  
9.7 34.9 
 
5.6 7.4 5.3 7.3 
28.
5 
5.5 2.8 1.5 
 
Candidatus 
Nitrosocaldus 
islandicus 
87 CP024014.1                           
Caldococcus 
noboribetus 96 D85038.1                           
Acidolobus sp. 7A 99 CP010515.1     
3.9 
                     
Uncultured 
Desulfurococcales 
archaeon clone 
100 HM448087.1             
1.3 
  
3.4 
  
2.4 
  
1.3 
  
2.3 1.6 
Caldisphaera 
draconis 99 NR_115941.1    
1.4 8.1 
                     
Thermogladius 
calderae 94 NR_148751.1             
2.7 
             
Pyrodictium 
delaneyi 95 CP013011.1             
2.2 
             
Thermosphaera 
aggregans 99 NR_074380.1             
4.1 
             
Fervidicoccus 
fontis 95 NR_102939.1    
1.1 1.2 
                     
Thermofilum 
uzonense 86 NR_146002.1               
2.0 11.9 
     
5.8 
    
Fervidicoccus 
fontis 86 NR_102939.1                           
Candidatus 
Nitrosocaldus 
cavascurensis 
88 LT981265.1                           
Acidianus brierleyi 99 CP029289.1                           
Metallosphaera 
yellowstonensis 100 JN971014.1                           
Stygiolobus 
azoricus 99 NR_043434.1                           
Saccharolobus 
caldissimus 100 LC275065.1                           
Sulfolobus 
metallicus 99 EU419200.1                           
Thermofilum 
carboxyditrophus 99 CP007493.1                           
Thermofilum 
uzonense 96 NR_146002.1             
1.3 
             
Caldivirga 
maquilingensis 97 NR_102972.2                           
Uncultured 
Thermoproteales 
archaeon clone 
96 HM448068.1             
1.7 
             
Thermobaculum 
sp. 100 CP012158.1            
3.9 
             
1.2 
Uncultured 
Thermoproteales 
archaeon clone 
95 HM448068.1            
2.1 5.3 
             
Thermocladium 
modestius 98 NR_040779.1                           
Vulcaniesta 
distributa 98 NR_102943.1                           
Vulcaniesta 
distributa 98 NR_102943.1                           
Aciduliprofundum 
sp. 85 CP003168.1   
2.9 9.1 3.8 
                     
Aciduliprofundum 
sp. 89 CP003168.1                           
Thermoplasma sp. 99 MG970327.1                           
Candidatus 
Nitrosocaldus 
yellowstonii 
99 EU239960.1        
4.0 
       
1.1 
     
1.1 
    
Candidatus 
Nitrosocaldus 
yellowstonii 
95 EU239960.1      
4.4 1.9 
      
1.0 
            
Candidatus 
Nitrosphaera sp. 91 LN827538.1       
1.8 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 0.5 Source OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
   T (°C) 43.7 50.9 58.8 64.1 50.0 54.8 70.2 68.0 69.3 73.1 83.5 92.2 66.8 70.8 77.6 69.5 72.8 76.9 69.9 73.0 78.2 59.2 64.6 67.9 75.4 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 8.3 8.2 8.1 7.9 7.6 8.7 8.8 8.6 8.9 8.8 8.8 9.0 9.0 9.0 9.0 9.0 9.0 8.9 
Candidatus 
Acetothermia 89 LS483254.1       
1.3 
         
7.3 
 
1.7 
    
1.6 6.6 4.4 
Candidatus 
Acetothermus 
autotrophicum 
97 AP011801.1      
23.0 10.7 6.3 
 
1.3 7.5 
               
Inmirania 
thermothiophila 85 NR_148577.1      
1.0 1.9 
                   
Thermomarinilinea 
lacunifontana 86 NR_132293.1        
2.7 
  
4.7 
               
Candidatus 
Chloracidobacteriu
m thermophilum 
99 EF531339.1              
2.2 
            
Acidimicrobium 
ferrooxidans 100 KF889722.1                           
Actinobacterium 98 AY495954.1                           
Acidithiomicrobiu
m 98 GQ225720.1                           
Aciditerrimonas 
ferrireducens 97 NR_112972.1                           
Actinobacteria 98 MF503098.1                           
Acidimicrobidae 96 AY673309.1                           
Bacterium A4E11 98 JX869411.1                           
Bacterium B10H12 98 JX869441.1                           
Bacterium A4E11 95 JX869411.1                           
Mycobacterium 
parascrofulaceum 99 MG923211.1                           
Mycolicibacter 
paraterrae 99 EU919229.2                           
Bacterium Ellin25 99 AF498707.1                           
Thermocrinis ruber 98 LN681406.1      
1.7 8.8 11.9 1.2 1.5 1.7 57.7 56.4 
 
1.2 1.8 6.5 11.8 46.3 
 
1.6 2.0 9.5 6.9 35.8 64.1 
Hydrogenobaculu
m sp. 99 CP004390.1  20.3 35.4 55.1 76.1                      
Sulfurihydrogenibi
um yellowstonense 99 JQ346738.1   
9.2 2.2 4.1 
                     
Eubacterium sp. 95 L04707.1        
6.0 4.6 12.1 24.6 
  
7.9 21.6 9.9 
17.
3 
27.2 9.7 12.6 11.2 
10.
6 
9.0 18.8 19.2 5.9 
Eubacterium sp. 97 L04707.1      
1.0 1.6 3.9 14.9 10.8 4.0 
  
8.5 
  
2.9 
  
4.0 
  
6.9 3.6 
  
Uncultured 
Candidatus 
Atribacteria 
99 KT897617.1                 
1.8 
      
1.3 
  
Sediminibacterium 
salmoneum 99 MG763907.1                           
Sediminibacterium 
salmoneum 99 MG763907.1  35.4 2.3                        
Lewinella 
cohaerens 81 EU371937.1  4.0                         
Aliifodinibius 
salicampi 84 NR_157713.1      
1.3 
                    
Natranaerobius 
thermophilus 86 NR_074181.1        
1.4 
                  
Rhodothermus 
clarus 87 AB252420.1        
1.7 1.5 1.9 1.6 
   
2.4 3.2 
 
1.7 
 
1.5 1.3 2.6 1.9 
 
1.2 
 
Rhodothermus 
profundi 86 NR_116762.1      
1.6 
                    
Caldisericum exile 89 NR_075015.2   
2.2 1.8 
                      
Eubacterium 98 U05662.1           
2.3 
               
Thermomarinilinea 
lacunifontana 92 NR_132293.1      
1.9 
                    
Caldilinea 
aerophila 99 NR_074397.1      
1.0 
                    
Candidatus 
Roseilinea gracile 97 KY937207.1         
4.5 1.2 
   
1.9 
        
2.5 
   
Bellilinea 
caldifistulae 83 NR_041354.1      
1.0 
                    
Bacterium YC-
ZSS-LKJ145 92 KP174521.1      
1.4 2.5 
                   
Thermoflexus 
hugenholtzii 88 NR_125668.1        
3.1 
 
1.7 3.3 
    
1.4 
     
3.9 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 0.5 Source OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
   T (°C) 43.7 50.9 58.8 64.1 50.0 54.8 70.2 68.0 69.3 73.1 83.5 92.2 66.8 70.8 77.6 69.5 72.8 76.9 69.9 73.0 78.2 59.2 64.6 67.9 75.4 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 8.3 8.2 8.1 7.9 7.6 8.7 8.8 8.6 8.9 8.8 8.8 9.0 9.0 9.0 9.0 9.0 9.0 8.9 
Candidatus 
Chloranaerofilum 
corporosum 
99 KY937209.1              
1.2 
            
Chloroflexus sp. 98 KR230107.1      
3.4 2.1 
 
12.1 
    
6.4 
     
2.4 
  
5.3 
   
Roseiflexus 
castenholzii 96 NR_074188.1              
1.8 
            
Roseflexus sp. 99 CP000686.1         
16.5 
    
25.3 
     
1.7 
  
13.2 
   
Thermaerobacter 
composti 83 NR_112810.2             
1.9 
             
Thermomicrobium 
roseum 99 NR_044678.2                        
1.1 
  
Chloroflexi 
bacterium 88 HQ675555.1        
1.6 
       
1.2 
          
Chloroflexi 
bacterium 89 AY673403.1                           
Uncultured 
bacterium clone 97 GU113055.1                           
Synechococcus sp. 99 AF132773.1              
1.5 
            
Synechococcus sp. 99 AF505960.1              
4.6 
        
16.3 
   
Synechococcus sp. 99 AF285254.1         
25.9 33.0 8.5 
  
3.3 32.6 
 
20.
7 
24.7 
 
25.7 18.9 
 
5.4 33.9 
  
Synechococcus sp. 99 AF132774.1              
2.0 
            
Synechococcus sp. 99 AF132774.1              
6.7 
            
Leptolyngbya cf. 
halophila 99 HQ832906.1                     
2.8 
     
Leptolyngbya sp. 99 KC182752.1                 
1.4 
   
2.2 
     
Bacterium YC-
ZSS-LKJ19 94 KP174522.1             
1.0 
             
Meiothermus 
granaticius 100 NR_117536.1  1.2                     
1.2 
   
Thermus sp. HR13 99 AF384168.1      
4.7 12.0 13.3 8.6 22.8 9.6 
  
7.0 20.8 9.3 
18.
2 
21.9 23.0 24.9 18.1 
14.
1 
12.7 21.4 18.7 13.0 
Desulfurella sp. 100 HE860492.1   
3.6 
                       
Coprothermobacter 
sp. 82 AJ431252.1        
1.5 
  
4.2 2.7 1.5 
 
1.2 11.8 
 
1.5 2.3 
 
1.2 7.7 
 
2.1 2.2 
 
Alicyclobacillus 
acidocaldarius 99 KU749323.1    
1.0 
                      
Alicyclobacillus 
sp. 99 KY118091.1                           
Bacillus nealsonii 99 MH729056.1                           
Bacillus velezensis 100 MH730069.1                           
Ralstonia 
solanacearum 99 CP011998.1                           
Caloramator sp. 99 HQ342686.1                     
3.6 
     
Sulfobacillus 
benefaciens 92 EU495236.1                           
Thermanaerovibrio 
velox 88 NR_104765.1  3.1                         
Calditerricola sp. 88 AB744662.1      
2.0 3.0 6.8 
                  
Eubacteria EM3 99 U05660.1            
20.2 
         
1.0 
  
2.2 1.7 
Bacterium strain 
2NS-CHS3-s1 93 MG264162.1      
1.7 
                    
Thermodesulfovibr
io aggregans 86 NR_040795.1      
1.6 
                    
Uncultured 
Aquificales 
bacterium clone 
100 HM448276.1        
1.9 
                  
Uncultured 
Aquificales 
bacterium clone 
99 HM448356.1                      
2.0 
    
Luteimonas sp. 81 KT154900.1                           
Gemmata 
massiliana 95 NR_148576.1              
2.2 
            
Aquisphaera 
giovannonii 95 NR_122081.1                           
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 Sample Location OF 4 
   T (°C) 43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 
Acidicaldus sp. 97 KF933859.1                           
Acidiphilium sp. 99 KC208494.1                           
Acidisphaera sp. 95 KY908234.1                           
Acidisphaera sp. 96 LN866585.1                           
Acidisphaera 
rubrifaciens 97 KF017282.1                           
Rhodobacter sp. 99 KT826440.1                     
1.1 
     
Candidatus 
Megaira 
polyxenophila 
99 MG699452.1                           
Candidatus 
Alysiosphaera 
europeae 
94 AY428766.1      
2.7 
                    
Desulfomonile 
tiedjei 87 NR_074118.1                           
Syntrophorhabdus 
aromaticivorans 90 NR_041306.1       
1.8 
                   
Bacterium strain 
1NS-CHS3-s1 98 MG264161.1      
3.5 
                    
Thermodesulfobact
erium geofontis 96 NR_118457.1       
1.7 
     
5.3 
           
3.0 2.4 
Acidithiobacillus 
thiooxidans 99 MG386695.1                           
Acidithiobacillus 
caldus 99 CP026328.1                           
Ectothiorhodospira 
mobilis 91 MG264195.1                           
Thiomonas sp. 99 JN885793.1  25.5 35.5 7.3                       
Sideroxydans 
paludicola 99 DQ386858.1      
1.6 
                    
Metallibacterium 
sp 99 HE858262.1                           
Metallibacterium 
sp. 95 HE858262.1                           
Methylomicrobium 
alcaliphilum 89 NR_074649.1                           
Pseudothermotoga 
thermarum 82 NR_074833.1       
1.7 
                   
Athalassotoga 
saccharophila 95 NR_148666.1  3.6 2.4                        
Fervidobacterium 
riparium 97 NR_108234.1                 
2.2 
   
4.8 
     
Thermotoga 
caldifontis 99 NR_133903.1                 
8.1 
      
1.1 
  
Uncultured 
bacterium clone 98 JQ380076.2                           
Unassigned 
     
1.0 
                      
Other 
   
6.9 6.5 13.0 2.8 39.4 35.0 13.7 7.9 6.9 7.6 4.8 8.3 16.5 7.1 7.6 13.6 3.9 7.2 20.0 25.8 16.4 8.1 3.5 4.2 5.8 
  
Table A.2. 16S NCBI taxonomic assignment results. From left to right: taxon the sample’s 
sequence was assigned to, percent identity to the database sequence, NCBI accession number, 
and percent relative abundance for each sample location.  
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   
Sample 
Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
OF 
Green 
OF 3 OF 2 OF 4 
OF 
Gray 
OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 Pool OF 3 OF 2 OF 1 Source 
   
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 44.1 50.9 52.8 53.5 62.3 74.0 44.4 47.1 49.7 28.6 28.8 46.3 33.2 53.9 66.8 77.5 
   pH 1.9 1.9 2.0 1.9 1.9 2.4 2.3 2.3 2.3 2.4 2.4 2.5 2.5 2.5 3.6 3.7 3.4 5.6 5.7 5.5 3.9 
NCBI Assignment 
NCBI % 
Identity 
Accession # 
                      
Flamella aegyptia 93 EU186021.1                       
Telaepolella 
tubasferens 94 EU273440.1                       
Vermamoeba 
vermiformis 99 KP792390.1                       
Uncultured 
eukaryotic clone 99 GU922835.1                       
Hartmannellidae 
clone 92 EF023499.1                       
Nematosttelium 
ovatum 83 FJ544420.1                       
Nematosttelium 
ovatum 90 FJ544420.1                       
Cosmarium sp. M 
2731 99 AM920395.1                       
Cylindrocystis sp. 
M3015 99 FM992328.1                   
3.4 
   
Mesotaenium cf. 
chlamydosporum 96 AJ553923.1                       
Cylindrocystis sp. 
M3015 98 FM992328.1                       
Microspora sp. 99 KM056293.1                
86.2 85.0 
 
39.4 
   
Chlamydomonas 
pitschmannii 99 U70789.1                       
Chlamydomonas 
debaryana 99 MG022669.1               
1.5 
       
Chloromonas 
nivalis 99 LC360465.1                   
10.6 
   
Chlamydomonas 
concordia 99 KT860848.1                   
3.0 
   
Chlorococcum 
lobatum 99 AB936289.1                       
Coelastrella sp. 
DSA3 99 KX818836.1                       
Nautococcus 
solutus 97 KM020166.1                
4.4 10.1 
     
Dunaliella sp. FL1 99 DQ324003.1                       
Chlorella 
sorokiniana 99 MH137235.1                       
Chlorophyta sp. 
QUCCCM69 98 KM985419.1                
8.7 4.5 
     
Chloroidium 
saccharophilum 99 KX024691.1                       
Raphidonema 
sempervirens 99 AF514410.2             
4.4 
 
6.2 
   
2.1 
   
Myrmecia sp. 100 KF693803.1                       
Uncultured 
Trebouxia clone 99 JX169843.1                   
1.2 
   
Uncultured 
Trebouxia 
photobiont 
99 KY033354.1                       
Desmochloris sp. 99 FM882218.1                       
Uncultured 
Stichococcus clone 98 KP081369.1             
92.7 96.4 83.3 
   
2.7 97.4 
  
Cyanidioschyzon 
merolae 99 
XR_002461579
.1  97.1 99.6 99.4   
98.3 98.4 99.9 
100.
0   
1.6 1.5 2.0 
   
1.1 
   
Galdieria partita 96 AB091229.1               
1.3 
    
1.3 
  
Uncultured 
Cyanidiaceae clone 98 KJ907781.1             
1.0 
         
Allovahlkampfia 
sp. 93 KF547919.1              
1.5 
        
Tetramitus 
thermacidophilus 99 KM669765.1                       
Uncultured 
Chytridiomycota 
clone 
98 GQ995419.1                       
Uncultured 
Ichthyophonida 
clone 
97 GQ330605.1               
1.3 
   
2.2 
   
Heterolepidoderma 
acidophilum 99 JN185462.1  1.6                     
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 
OF 
1.5 
OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 
   
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 
   pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 
Plectidae sp. 99 LC275886.1                       
Diploscapter sp. 99 LC275876.1                       
Labronema ferox 99 AY552972.1                       
Gieysztoria 
cuspidata 99 KC529459.1                       
Adineta vaga 99 KF561095.1                       
Lecane inermis 99 KY859765.1                       
Hypsibius 
klebelsbergi 99 KT901828.1                       
Nematoda 
environmental 
sample clone 
92 KF147656.1                       
Uncultured 
Rhyzophydiales 
gene 
99 AB971109.1                       
Uncultured 
Chytridiomycota 
isolate 
99 KC561945.1                       
Powellomycetacea
e 99 HQ901736.1                       
Uncultured 
Chytridiomycota 
clone 
99 GQ995333.1                   
2.5 
   
Spizellomyces 
pseudodichotomus 99 GQ499384.1                       
Uncultured 
Cryptomycota 
clone 
86 KP096170.1                       
Uncultured 
Cryptomycota 
clone 
99 KP096139.1                       
Uncultured 
eukaryote isolate 99 MH008615.1                       
Cladosporium sp. 99 MH047202.1                       
Phaeococcomyceta
ceae sp. 98 GU324015.1                       
Dothideomycetes 
sp. 99 GU324003.1                       
Fusarium 
oxysporum 99 KY020938.1                       
Emericellopsis sp. 99 KR336668.1                       
Phaeococcomyceta
ceae sp. 99 GU324015.1                       
Psathyrella 
candolleana 99 KY418945.1                       
Irpex lacteus 99 MF190370.1                       
Cryptococcus 
wieringae 99 KF036663.1                       
Cryptococcus 
armeniacus 96 KF036620.1                       
Sphacelotheca 
hydropiperis 99 KJ708394.1                       
Malassezia globosa 99 EU192364.1                       
Ustilago bromivora 99 LT558136.1                       
Mortierellales sp. 100 KP963629.1                       
Eimeriidae 
environmental 
sample clone 
96 EF024462.1                       
Cryptosporidiidae 86 EF024102.1                       
Ascogregarina 
barretti 89 JX131296.1                       
Cytauxzoon sp. 80 KT361074.1                       
Metopus hasei 98 KY432958.1                   
1.1 
   
Platyophrya 
bromelicola 98 EU039905.1                       
Telotrochidium 
cylindricum 97 KU363247.1                       
Opisthostyla sp. 98 KU363244.1                       
119 
 
   
Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 
OF 
1.5 
OF 1 
Sample 
Location OF 3 
OF 
Green 
OF 2 
   
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 
   pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 
Paraenchelys 
terricola 96 MG264147.1                       
Balantidion 
pellucidum 98 JF263444.1                       
Trimyema sp. 85 KT210083.1                       
Paracyclops 
fimbriatus 99 KT030255.1                       
Spirostomum sp. 99 LN870107.1                       
Peridinium 
wisconsinense 96 MG238507.1                       
Neocercomonas sp. 99 MG775598.1                       
Paracercomonas 
sp. 99 MG775633.1                       
Thaumatomonadid
a 99 EF023859.1                       
Uncultured 
Glissomonadida 
clone 
99 KT251155.1                       
Uncultured 
Glissomonadida 
clone 
99 KT251089.1                       
Uncultured 
Glissomonadida 
clone 
99 KT251146.1                       
Uncultured 
Euglyphida clone 99 KT251119.1                       
Uncultured 
Spongomonas 
clone 
97 KT251067.1                   
1.7 
   
Uncultured 
Grandofilosea 
clone 
95 KY991049.1                   
1.0 
   
Cercozoa sp. 93 EU567254.1                       
Uncultured 
Eimeriidae clone 95 EF024722.1                       
Rhogostoma 
cylindrica 99 KY905096.1                       
Leptophrys vorax 98 HE609038.1                       
Uncultured 
freshwater 
eukaryote gene 
95 AB721056.1                   
2.5 
   
Uncultured 
Vampyrellida 
clone 
95 KY991036.1                       
Uncultured 
cercozoan clone 97 KU738520.1                       
Eimeriidae 
environmental 
sample 
98 EF024655.1               
1.3 
       
Uncultured 
cercozoan gene 97 AM114812.1                       
Uncultured 
cercozoan isolate 99 EU709266.1                       
Heteromitidae sp. 99 AY620256.1                       
Bicosoecida 93 FJ971856.1                       
Aplanochytrium 
blankum 95 KX160007.1                       
Stramenopile 92 EF219381.1                   
3.5 
   
Chlorella sp. 99 KF733553.1                       
Spumella-like 
flagellate 98 DQ388562.1                   
1.4 
   
Spumella-like 
flagellate 99 AY651077.1                       
Halamphora 
catenulafalsa 96 KT943646.1                       
Navicula 
cryptocephala var. 
veneta 
99 KX257364.1                       
Pinnularia borealis 97 JN418570.1                       
Pinnularia cf. 
marchica 99 JN418569.1                       
Pinnularia 
subgibba 96 KT072984.1                   
11.8 
   
Halamphora 
catenulafalsa 97 KT943646.1                   
1.5 
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Hot 
Spring 
System 
Cyanidium Falls Mojito Goldilocks 
Crater Hills 
Geyser 
Mutant Minnie 
   Sample Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 Sample Location OF 3 
OF 
Green 
OF 2 OF 1.5 OF 1 Sample Location OF 3 
OF 
Green 
OF 2 
OF 
1.5 
OF 1 Sample Location OF 3 
OF 
Green 
OF 2 
   
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 57.5 58.8 
T 
(°C) 
50.3 50.8 53.0 
   pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 1.9 1.9 pH 1.9 1.9 2.0 
Eunotia sp. 99 KJ961692.1                       
Lagenidium 
giganteum 98 KT257365.1                       
Uncultured 
bicosoecid clone 83 GQ330587.1             
0.3 0.7 3.1 0.7 0.4 
 
7.3 1.3 
  
Other 
   
1.3 0.4 0.6 
  
1.7 1.6 0.1 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool 
Rabbit’s 
Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
Source OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
OF 
0.5 
   
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 68.0 69.3 73.1 83.5 92.2 66.8 70.8 77.6 69.5 72.8 76.9 69.9 73.0 78.2 59.2 64.6 67.9 75.4 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 8.3 8.2 8.1 7.9 7.6 8.7 8.8 8.6 8.9 8.8 8.8 9.0 9.0 9.0 9.0 9.0 9.0 8.9 
NCBI Assignment 
NCBI % 
Identity 
Accession # 
                
1.7 
   
2.2 
 
1.0 
  
3.1 
Flamella aegyptia 93 EU186021.1                 
1.0 
         
Telaepolella 
tubasferens 94 EU273440.1  5.6                         
Vermamoeba 
vermiformis 99 KP792390.1      
2.0 
                    
Uncultured 
eukaryotic clone 99 GU922835.1                       
2.0 
   
Hartmannellidae 
clone 92 EF023499.1  1.9            
2.5 
        
1.8 
   
Nematosttelium 
ovatum 83 FJ544420.1  5.9                       
3.9 
 
Nematosttelium 
ovatum 90 FJ544420.1                          
4.5 
Cosmarium sp. M 
2731 99 AM920395.1                 
5.4 
      
8.4 
 
20.1 
Cylindrocystis sp. 
M3015 99 FM992328.1                           
Mesotaenium cf. 
chlamydosporum 96 AJ553923.1                 
1.0 
         
Cylindrocystis sp. 
M3015 98 FM992328.1              
1.4 
  
6.7 
         
Microspora sp. 99 KM056293.1  2.4 12.9                        
Chlamydomonas 
pitschmannii 99 U70789.1   
1.3 
                       
Chlamydomonas 
debaryana 99 MG022669.1   
2.8 
                       
Chloromonas 
nivalis 99 LC360465.1                    
2.0 2.0 
15.
4     
Chlamydomonas 
concordia 99 KT860848.1                      
2.2 1.2 
   
Chlorococcum 
lobatum 99 AB936289.1      
1.6 
          
5.5 
    
1.5 7.0 
   
Coelastrella sp. 
DSA3 99 KX818836.1         
9.1 
                 
Nautococcus 
solutus 97 KM020166.1   
1.4 
  
1.5 
          
1.2 
        
7.0 
Dunaliella sp. FL1 99 DQ324003.1                    
1.3 2.3 3.4 
    
Chlorella 
sorokiniana 99 MH137235.1              
4.5 
  
4.4 
  
1.3 1.7 
     
Chlorophyta sp. 
QUCCCM69 98 KM985419.1      
3.2 
  
2.6 
       
2.1 
    
1.3 
   
2.2 
Chloroidium 
saccharophilum 99 KX024691.1                     
2.0 2.3 1.2 
  
1.5 
Raphidonema 
sempervirens 99 AF514410.2   
8.6 
  
4.9 
  
5.1 
    
2.2 
  
3.8 
  
1.5 
 
3.8 4.4 45.0 18.2 9.6 
Myrmecia sp. 100 KF693803.1         
10.1 
    
1.1 
       
2.2 
    
Uncultured 
Trebouxia clone 99 JX169843.1   
3.1 
  
2.7 
  
1.8 
    
3.2 
        
1.8 14.3 13.2 12.6 
Uncultured 
Trebouxia 
photobiont 
99 KY033354.1                      
2.6 
    
Desmochloris sp. 99 FM882218.1              
1.2 
        
1.7 
   
Uncultured 
Stichococcus clone 98 KP081369.1  44.8 2.0   
1.5 
                   
2.6 
Cyanidioschyzon 
merolae 99 
XR_002461579
.1                           
Galdieria partita 96 AB091229.1                           
Uncultured 
Cyanidiaceae clone 98 KJ907781.1  26.5                         
Allovahlkampfia 
sp. 93 KF547919.1  4.8                         
Tetramitus 
thermacidophilus 99 KM669765.1      
1.3 
                    
Uncultured 
Chytridiomycota 
clone 
98 GQ995419.1                         
6.8 
 
Uncultured 
Ichthyophonida 
clone 
97 GQ330605.1   
1.1 
  
8.3 
               
2.8 
 
13.0 7.8 3.0 
Heterolepidoderma 
acidophilum 99 JN185462.1                 
4.3 
   
6.5 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 
   
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 
Plectidae sp. 99 LC275886.1                       
2.3 
   
Diploscapter sp. 99 LC275876.1              
25.1 
     
2.5 23.8 
     
Labronema ferox 99 AY552972.1              
4.4 
  
1.8 
  
2.5 1.8 
     
Gieysztoria 
cuspidata 99 KC529459.1                    
1.4 
      
Adineta vaga 99 KF561095.1              
1.1 
     
1.8 
 
2.7 2.6 
   
Lecane inermis 99 KY859765.1                 
5.1 
         
Hypsibius 
klebelsbergi 99 KT901828.1              
4.4 
            
Nematoda 
environmental 
sample clone 
92 KF147656.1                      
1.9 
    
Uncultured 
Rhyzophydiales 
gene 
99 AB971109.1      
4.1 
                   
5.6 
Uncultured 
Chytridiomycota 
isolate 
99 KC561945.1      
1.6 
                    
Powellomycetacea
e 99 HQ901736.1                      
4.5 
    
Uncultured 
Chytridiomycota 
clone 
99 GQ995333.1   
1.1 
                  
1.3 
  
7.3 3.9 
Spizellomyces 
pseudodichotomus 99 GQ499384.1                 
1.1 
         
Uncultured 
Cryptomycota 
clone 
86 KP096170.1      
3.6 
                    
Uncultured 
Cryptomycota 
clone 
99 KP096139.1                    
1.3 1.7 
     
Uncultured 
eukaryote isolate 99 MH008615.1                           
Cladosporium sp. 99 MH047202.1   
1.1 
                       
Phaeococcomyceta
ceae sp. 98 GU324015.1      
2.3 
          
2.9 
        
6.6 
Dothideomycetes 
sp. 99 GU324003.1                          
1.2 
Fusarium 
oxysporum 99 KY020938.1                          
2.0 
Emericellopsis sp. 99 KR336668.1                      
2.3 
    
Phaeococcomyceta
ceae sp. 99 GU324015.1                        
2.0 
  
Psathyrella 
candolleana 99 KY418945.1                           
Irpex lacteus 99 MF190370.1         
1.4 
                 
Cryptococcus 
wieringae 99 KF036663.1   
2.6 
     
1.5 
            
6.3 1.0 
  
1.6 
Cryptococcus 
armeniacus 96 KF036620.1         
1.6 
                 
Sphacelotheca 
hydropiperis 99 KJ708394.1         
1.2 
               
1.4 1.4 
Malassezia globosa 99 EU192364.1   
2.1 
          
1.1 
            
Ustilago bromivora 99 LT558136.1                        
2.0 
  
Mortierellales sp. 100 KP963629.1      
25.8 
  
4.7 
       
2.8 
  
1.7 1.9 2.6 3.9 
   
Eimeriidae 
environmental 
sample clone 
96 EF024462.1              
1.0 
     
8.0 3.5 2.5 
    
Cryptosporidiidae 86 EF024102.1                    
1.0 
      
Ascogregarina 
barretti 89 JX131296.1         
2.9 
             
1.2 
   
Cytauxzoon sp. 80 KT361074.1                         
5.0 
 
Metopus hasei 98 KY432958.1                           
Platyophrya 
bromelicola 98 EU039905.1                 
2.4 
         
Telotrochidium 
cylindricum 97 KU363247.1                    
2.0 
      
Opisthostyla sp. 98 KU363244.1                 
1.4 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 
   
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 
Paraenchelys 
terricola 96 MG264147.1         
1.7 
       
1.5 
    
2.4 1.4 
   
Balantidion 
pellucidum 98 JF263444.1      
4.1 
                    
Trimyema sp. 85 KT210083.1                    
7.8 
      
Paracyclops 
fimbriatus 99 KT030255.1   
3.6 
                       
Spirostomum sp. 99 LN870107.1         
50.2 
    
2.0 
     
2.8 
      
Peridinium 
wisconsinense 96 MG238507.1                           
Neocercomonas sp. 99 MG775598.1      
1.6 
                  
2.2 
 
Paracercomonas 
sp. 99 MG775633.1                      
1.5 
    
Thaumatomonadid
a 99 EF023859.1   
12.3 
  
8.6 
          
3.0 
  
2.5 3.2 8.0 2.5 
 
1.8 
 
Uncultured 
Glissomonadida 
clone 
99 KT251155.1   
3.8 
                       
Uncultured 
Glissomonadida 
clone 
99 KT251089.1      
1.1 
                    
Uncultured 
Glissomonadida 
clone 
99 KT251146.1                         
2.6 
 
Uncultured 
Euglyphida clone 99 KT251119.1                        
4.7 
  
Uncultured 
Spongomonas 
clone 
97 KT251067.1                           
Uncultured 
Grandofilosea 
clone 
95 KY991049.1                           
Cercozoa sp. 93 EU567254.1                 
1.3 
  
1.2 
  
2.0 
   
Uncultured 
Eimeriidae clone 95 EF024722.1      
1.4 
                   
1.6 
Rhogostoma 
cylindrica 99 KY905096.1                 
4.8 
  
1.4 1.4 
     
Leptophrys vorax 98 HE609038.1                    
1.1 2.4 
     
Uncultured 
freshwater 
eukaryote gene 
95 AB721056.1                           
Uncultured 
Vampyrellida 
clone 
95 KY991036.1   
11.3 
                       
Uncultured 
cercozoan clone 97 KU738520.1      
2.8 
                    
Eimeriidae 
environmental 
sample 
98 EF024655.1                           
Uncultured 
cercozoan gene 97 AM114812.1                           
Uncultured 
cercozoan isolate 99 EU709266.1   
1.5 
          
2.2 
     
2.7 
   
3.3 
 
2.1 
Heteromitidae sp. 99 AY620256.1   
1.3 
                       
Bicosoecida 93 FJ971856.1      
1.6 
                    
Aplanochytrium 
blankum 95 KX160007.1                         
1.2 
 
Stramenopile 92 EF219381.1   
4.4 
                       
Chlorella sp. 99 KF733553.1                           
Spumella-like 
flagellate 98 DQ388562.1   
5.8 
                       
Spumella-like 
flagellate 99 AY651077.1         
1.1 
                 
Halamphora 
catenulafalsa 96 KT943646.1         
1.0 
    
4.5 
     
2.2 2.6 2.2 5.2 
   
Navicula 
cryptocephala var. 
veneta 
99 KX257364.1                        
5.6 
  
Pinnularia borealis 97 JN418570.1  1.8                         
Pinnularia cf. 
marchica 99 JN418569.1      
3.1 
                  
13.1 
 
Pinnularia 
subgibba 96 KT072984.1      
5.7 
  
1.7 
    
20.5 
  
18.
9   
27.9 21.7 3.4 25.5 
  
1.9 
Halamphora 
catenulafalsa 97 KT943646.1                    
5.3 3.0 1.1 4.6 
 
14.8 
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Hot 
Spring 
System 
Figure 8 
Empress 
Pool 
Bison Pool Rabbit’s Nest 
Old Blue 
Eyes 
Peekaboo Mound Spring 
   Sample Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 OF 3 OF 2 OF 1 OF 3 OF 2 OF 1 
Sample 
Location OF 4 
   
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 50.9 58.8 64.1 50.0 54.8 70.2 
T 
(°C) 
43.7 
   pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 6.1 5.8 5.2 8.0 7.7 7.1 pH 6.5 
Eunotia sp. 99 KJ961692.1      
4.0 
       
3.1 
        
1.0 
   
Lagenidium 
giganteum 98 KT257365.1         
1.3 
                 
Uncultured 
bicosoecid clone 83 GQ330587.1  6.3 16.1   
1.7 
  
1.0 
    
14.5 
  
16.
0   
16.7 16.3 
19.
7 
24.4 1.7 0.8 6.0 
Other 
                  
1.7 
   
2.2 
 
1.0 
  
3.1 
  
Table A.3. 18S NCBI taxonomic assignment results. From left to right: taxon the sample’s 
sequence was assigned to, percent identity to the database sequence, NCBI accession number, 
and percent relative abundance for each sample location.  
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SUPPLEMENTARY ENERGY FIGURES  
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Legend A.1. Symbology for Figures 2.1-2.31.  
Metabolic Reaction Energy Results 
 
 
Reaction 1 
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 The greatest energy available from Reaction 1 at a single site is 0.0027 cal kg
-1
 at 
Figure 8 OF 1, a sample location above the photosynthetic fringe. According to 
taxonomic results, the microbial community at Figure 8 OF 1 is predominantly (76.1%) 
Hydrogenobaculum, a genus well known for its hydrogen oxidizing metabolism. 
Hydrogenobaculum remains a dominant taxon across the four sample locations of Figure 
8, although its relative abundance decreases, as does the energy available for hydrogen 
oxidation. The second greatest energy availability from Reaction 1 is 0.0026 cal kg
-1
 at 
Bison OF 3, a sample location below the photosynthetic fringe. The dominant 
populations there are photosynthetic. The only taxon known to potentially perform 
Reaction 1 in the Bison OF 3 community is “Candidatus Caldiarchaeum subterraneum” 
(Nunoura 2011). Though it is present at Bison OF 3 at 2.3% relative abundance, it is 
Figure A.1. Energy availabilities for Reaction 1, also known as the knallgas reaction. Reaction 
1 yields a maximum energy of 0.0027 cal kg-1 at Figure 8 OF 1 (T = 64.1°C, pH = 5.2), 
followed closely by Bison OF 3 (T = 68.0°C, pH = 8.3), with an energy yield of 0.0026 cal kg-1. 
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more abundant at upstream sites where the energy yields are less. This energy vs. relative 
abundance discrepancy may indicate that other taxa at OF 3 and many other locations are 
performing Reaction 1 to support their metabolism but are not yet known to do so.  
 
Reaction 2 
 As shown in Fig 2.2, considerably more energy is available from Reaction 2 than 
from reaction 1. The greatest energy available from Reaction 2 at a single site is 3.45 cal 
kg
-1
 at Goldilocks OF 1, a sample location originally believed to be above the 
photosynthetic fringe, but which did indeed have phototrophs present. According to 
taxonomic results, the microbial community at Goldilocks OF 1 is predominantly 
(44.8%) Hydrogenobaculum, which is capable of oxidizing H2S. The second greatest 
Figure A.2. Energy availabilities for Reaction 2. It yields a maximum energy of 3.45 cal kg-1 at 
Goldilocks OF 1 (T = 49.7°C, pH = 2.5), followed by Goldilocks OF 2 (T = 47.1°C, pH = 2.5), 
with an energy yield of 3.15 cal kg
-1
. 
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Figure A.3. Energy availabilities for Reaction 2. It yields a maximum energy of 2.88 cal kg-1 at 
Mound OF 1 (T = 49.7°C, pH = 2.5), and is also most dominant at the other Mound Spring sample 
locations. 
energy availability from Reaction 2 is 3.15 cal kg
-1
 at Goldilocks OF 2, a sample location 
below the photosynthetic fringe (though originally believed to be the fringe itself). 
Hydrogenobaculum is still present at this sample location with a relative abundance of 
25.8%.  
 
Reaction 3 
 
 
 
 
 
 
 
 
 
 
 
Notice that the only difference between Reactions 2 and 3 is the sulfide species 
being oxidized. Because bisulfide is the dominant species in alkaline conditions, only 
alkaline sample locations have available for this reaction. The most energy available from 
Reaction 3 at a single site is 2.88 cal kg
-1
 at Mound OF 1, which is above the 
photosynthetic fringe. The other Mound Spring sample locations yield the next highest 
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energies: OF 2 (2.1 cal kg
-1
), OF 3 (2.0 cal kg
-1
), then OF 0.5 (1.7 cal kg
-1
).
 
There are no 
known bisulfide oxidizers detected in the Mound Spring system. There is also energy 
available from Reaction 3 in the Old Blue Eyes system, especially OF 1 (1.4 cal kg
-1
) and 
OF 2 (1.1 cal kg
-1
), though once again no known bisulfide oxidizers were detected.  
 
Reaction 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction 4 yields the most energy at the most sites across all 58 reactions 
included in this study. The most energy available from Reaction 4 at a single site is 5.63 
cal kg
-1
 at Crater Hills Geyser OF 2, which is at the photosynthetic fringe. The other 
Crater Hills Geyser sample locations yield the next highest energies: OF 1 (5.15 cal kg
-1
) 
Figure A.4. Energy availabilities for Reaction 4. It yields a maximum energy in the Crater Hills 
Geyser system, with 5.63 cal kg-1 at OF 2 (T = 28.8°C, pH = 3.7), 5.15 cal kg-1 at OF 3 (T = 
28.6°C, pH = 3.6), and 4.86 cal kg-1 at the pool (T = 46.3°C, pH = 3.4). 
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Figure A.5. Energy availabilities for Reaction 5. It yields a maximum energy of 0.40 cal kg-1 at 
Mound OF 1 (T = 67.9°C, pH = 9.0), followed closely by 0.39 cal kg-1 at Empress OF 3 (T = 
50.0°C, pH = 8.0), and 0.37 cal kg-1 at Bison OF 2 (T = 69.3°C, pH = 8.2). 
and the pool (4.86 cal kg
-1
).
 
There are no known ammonium oxidizers detected in the 
Crater Hills Geyser system. The hot springs with the next highest energy availabilities 
from Reaction 4 are Goldilocks, Mojito, and Mutant Minnie, in that order; the expected 
ammonium oxidizer “Candidatus Nitrosocaldus islandicus” was detected at all three.  
Reaction 5 
Reaction 5 is analogous to Reaction 4, with ammonia replacing ammonium. 
Ammonia is the predominant form at the high pH values obtained in several of the hot 
springs studied. The greatest energy available from Reaction 5 at a single site is 0.40 cal 
kg
-1
 at Mound OF 1, a sample location above the photosynthetic fringe. The second 
greatest energy availability from Reaction 5 is 0.39 cal kg
-1
 at Empress OF 3, a sample 
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location below the photosynthetic fringe. The third greatest energy availability is 0.37 cal 
kg
-1
 at Bison OF 2, a sample location below the photosynthetic fringe. There are no 
known known ammonia oxidizers detected at any of these sample locations, however. 
 
Reactions 6-8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction 6 (CO oxidation to CO2), Reaction 7 (CO oxidation to bicarbonate), and 
Reaction 8 (CO oxidation to the carbonate ion) all yield almost identical energies at all 46 
sample locations. This is because the different forms of dissolved inorganic carbon (DIC) 
are products and therefore unlikely to constrain the energy supply. Note that the opposite 
Figure A.6. Energy availabilities for Reactions 6, 7, and 8. They yield a maximum energy of 
0.011 cal kg-1 at Peekaboo OF 1 (T = 78.2°C, pH = 9.0), followed by the same amount of energy 
at Bison Source (T = 92.2°C, pH = 7.6), and 0.010 cal kg-1 at Bison OF 2 (T = 69.3°C, pH = 8.2). 
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is the case when ammonium and ammonia occur as reactants in Reactions 4 and 5. 
Reactions 6, 7, and 8 all have the same limiting reactant, CO, making available energy 
nearly identical regardless of pH and which form of DIC is the product. 
The greatest energy available from all three at a single site is 0.011 cal kg
-1
 at 
Peekaboo OF 1, which is above the photosynthetic fringe, and is matched by the energy 
supply of, 0.011 cal kg
-1
 at Bison Pool’s Source. The next greatest energy availability is 
0.010 cal kg
-1
 at Bison OF 2, a sample location below the photosynthetic fringe. There 
are no known known CO oxidizers detected at any of these sample locations. The supply 
of energy at these locations is several times greater than from Reaction 1, which is known 
to support the metabolisms of microbes in these systems such as Hydrogenobaculum and 
Thermocrinis ruber (Spear et al. 2004). It seems likely that this more abundant energy 
source is not being neglected and that there is more to be learned about the metabolisms 
of some of the relatively abundant taxa in these higher pH springs. 
 
Reaction 9 
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Figure A.7. Energy availabilities for Reaction 9. It yields a maximum energy of 0.042 cal kg-1 at 
Mojito OF 4 (T = 53.5°C, pH = 2.3). 
 
 
 
 
The oxidation of methane with oxygen to form CO and H2O is represented by 
Reaction 9. The greatest energy available at a single site is 0.042 cal kg
-1
 at Mojito OF 4, 
which is below the photosynthetic fringe. There are no known known methanotrophs 
detected at this sample location. 
 
Reactions 10-12 
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Three forms of methanotrophy to fully oxidized carbon are represented by 
Reaction 10 (methane oxidation to CO2), Reaction 11 (methane oxidation to bicarbonate), 
and Reaction 12 (methane oxidation to the carbonate ion), all of which yield almost 
identical energies at all 46 sample locations. As in the case of Figure A.6, the similarity 
of energy supplies stems from the fact that the different DIC species are products and not 
reactants. In this case, methane is the limiting reactant for all three reactions, making 
their calculated energies very similar. Though the differences are not large, the available 
energies for these reactions are different enough from that from Reaction 9 to be 
considered separately. The greatest energy available at a single site from all three is 0.061 
cal kg
-1
 at Mojito OF 4, which is below the photosynthetic fringe. Like Reaction 9, there 
are no known known methanotrophs detected at this sample location. 
Figure A.8. Energy availabilities for Reactions 10, 11, and 12. They yield a maximum energy of 
0.061 cal kg-1 at Mojito OF 4 (T = 53.5°C, pH = 2.3). 
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Figure A.9. Energy availabilities for Reactions 13 and 14. They yield a maximum energy of 
0.00027 cal kg-1 at Figure 8 OF 1 (T = 64.1°C, pH = 5.2), followed by 0.00022 cal kg-1 at Mutant 
Minnie OF 3 (T = 33.2°C, pH = 5.6) and 0.00020 cal kg-1 at Cyanidium Falls OF 1 (T = 58.8°C, 
pH = 1.9). 
Reactions 13 and 14 
Reaction 13 (sulfate reduction to H2S) and Reaction 14 (sulfate reduction to 
bisulfide) yield almost identical low energy supplies at all 46 sample locations. With 
these two reactions, hydrogen is the limiting reactant. The greatest energy available at a 
single site is 0.00027 cal kg
-1
 at Figure 8 OF 1, which is above the photosynthetic fringe. 
The second greatest energy availability is 0.00022 cal kg
-1
 at Mutant Minnie OF 3, which 
is below the photosynthetic fringe. The third greatest energy availability is 0.00020 cal 
kg
-1
 at Cyanidium Falls OF 1, which is above the photosynthetic fringe. These values are 
about an order of magnitude less that the energy supplies from Reaction 1. There are no 
137 
 
taxa known to couple sulfate reduction with hydrogen oxidation at these sample 
locations. 
 
Reactions 15 and 17 
 
 
 
 
 
 
 
 
 
 
 
Reaction 15 (nitrate reduction to ammonium) and Reaction 17 (nitrate reduction 
to ammonia) yield almost identical energies at all 46 sample locations. With these two 
reactions, nitrate is the limiting reactant. The greatest energy available at a single site is 
0.089 cal kg
-1
 at Mutant Minnie OF 3, which is below the photosynthetic fringe. The next 
highest energy availabilities are 0.053 cal kg
-1
 and 0.048 cal kg
-1
at Crater Hills Geyser 
OF 3 and 2, respectively, and and 0.047 cal kg
-1
at Mojito OF 3. There are no taxa known 
to couple nitrate reduction with H2S oxidation at these sample locations. 
 
Figure A.10. Energy availabilities for Reactions 15 and 17. They yield a maximum energy of 
0.089 cal kg-1 at Mutant Minnie OF 3 (T = 33.2°C, pH = 5.6). 
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Figure A.11. Energy availability for Reaction 16. It yields a maximum energy of 0.012 cal kg-1 at 
Figure 8 OF 4 (T = 53.5°C, pH = 2.3), followed by 0.011 cal kg-1 at Figure 8 OF 3 (T = 33.2°C, 
pH = 5.6) and 0.010 cal kg-1 at Mutant Minnie OF 2 (T = 58.8°C, pH = 1.9). 
Reaction 16 
 
Notice that Reaction 16 differs from Reactions 15 and 17 only in the sulfide 
species being oxidized, the dominant species being determined by the pH of the system. 
The greatest energy available from Reaction 16 at a single site is 0.012 cal kg
-1
 at Figure 
8 OF 4, a sample location below the photosynthetic fringe. The Figure 8 system is the 
most favorable for this reaction, as OF 3 is the next highest available energy at 0.011 cal 
kg
-1
. The Mutant Minnie system as a whole yields the next highest energy from Reaction 
16, with the highest being at OF 2 (0.010 cal kg
-1
). There are no taxa known to couple 
nitrate reduction with bisulfide oxidation at these sample locations. 
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Reaction 18 
 
 
 
 
 
 
 
 
 
 
 
 
The greatest energy available at a single site is 0.065 cal kg
-1
 at Mound OF 2, 
which is at the photosynthetic fringe. There are no taxa known to couple nitrate reduction 
with bisulfide oxidation here. Although the limiting reactant for Reaction 16 and 
Reaction 18 are both nitrate, the energies differ because the proton required for Reaction 
16 makes it more favorable at more acidic sites than Reaction 18.  
 
Figure A.12. Energy availability for Reaction 18. It yields a maximum energy of 0.065 cal kg-1 at 
Mound OF 2 (T = 64.6°C, pH = 9.0). 
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Figure A.13. Energy availability for Reactions 19-24. They yield a maximum energy of 0.0068 
cal kg-1 at Mojito OF 4 (T = 53.5°C, pH = 2.3). 
Reactions 19-24 
Reactions 19 through 24 all yield nearly identical energies at all 46 sample 
locations. The limiting reactant for these reactions is methane. The greatest energy 
available is 0.0068 cal kg
-1
 at Mojito OF 4, which is below the photosynthetic fringe. 
There are no taxa known to couple sulfate reduction with methane oxidation in the Mojito 
system.  
 
Reactions 25 and 26 
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Figure A.14. Energy availability for Reactions 25 and 26.  They yield a maximum energy of 
0.0017 cal kg-1 at Figure 8 OF 1 (T = 64.1°C, pH = 5.2), followed by 0.0014 cal kg-1 at Mutant 
Minnie OF 3 (T = 33.2°C, pH = 5.6). 
 
 
 
 
 
 
 
 
 
 
Reactions 25 and 26 yield nearly identical energies at all 46 sample locations. The 
limiting reactant for these reactions is hydrogen. The greatest energy available is 0.0017 
cal kg
-1
 at Figure 8 OF 1, which is above the photosynthetic fringe, and 0.0014 cal kg
-1
 at 
Mutant Minnie OF 3, which is below the photosynthetic fringe. There are no taxa known 
to couple nitrate reduction with hydrogen oxidation detected in the Mojito system.  
 
Reactions 27, 28, and 30 
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Figure A.15. Energy availability for Reactions 27, 28, and 30.  They yield a maximum energy of 
0.018 cal kg-1 at Mojito OF 1 (T = 74.0°C, pH = 2.4). 
 
 
 
 
 
 
 
 
 
 
 
 
The reduction of nitrate with methane to form ammonium/ammonia and DIC is 
represented by Reactions 27, 28, and 30. The greatest energy available at a single site is 
0.018 cal kg
-1
 at Mojito OF 1, which is above the photosynthetic fringe, though there are 
no taxa known to couple nitrate reduction with methane oxidation here.  
 
Reactions 29, 31, and 32 
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Figure A.16. Energy availability for Reactions 29, 31, and 32.  They yield a maximum energy of 
0.018 cal kg-1 at Mojito OF 1 (T = 74.0°C, pH = 2.4). 
 
 
 
 
 
 
 
 
 
 
 
The greatest energy available at a single site from Reactions 29, 31, and 32 is 
0.018 cal kg
-1
 at Mojito OF 1, the same as Reactions 27, 28, and 30 from Figure A.15. 
Although the limiting reactant for the two figures is methane, similar to the case with 
Figure A.12, the energies differ because the proton required for Reactions 27, 28, and 30 
makes them less favorable at alkaline sites. Reactions 29, 30, and 31, then, yield more 
energy, 0.0010 cal kg
-1
, at Bison OF 3 than Reactions 27, 28, and 30 (0.00057 cal kg
-1
). 
 
Reaction 33 
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Figure A.17. Energy availability for Reaction 33. It yields a maximum energy of 0.000087 cal kg-
1 at Figure 8 OF 1 (T = 64.1°C, pH = 5.2). 
 
 
 
 
 
 
 
 
 
Figure A.17 shows that the greatest energy available at a single site is 0.000087 
cal kg
-1
 at the chemosynthetic sample location Figure 8 OF 1. This energy becomes 
negligible down the outflow. The below-the-fringe sample locations in Bison Pool and 
Crater Hills Geyser yield the next highest energies for Reaction 33. There are no taxa 
known to couple CO2 reduction with H2 oxidation at any of these sample locations, 
perhaps because the energy yield is so low. Notice that the reverse reaction is very 
slightly favorable for some sample locations at Mound Spring, Old Blue Eyes, and 
Rabbit’s Nest.  
 
Reaction 34 
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Figure A.18. Energy availability for Reaction 34. It yields a maximum energy of 0.000087 cal kg-
1 at Figure 8 OF 1 (T = 64.1°C, pH = 5.2). 
 
 
Like Reaction 33, the greatest energy available from Reaction 34 at a single site is 
0.000087 cal kg
-1
 at Figure 8 OF 1. The difference in dissolved inorganic carbon species 
reactants between Reaction 33 and 34 as well as the proton required in Reaction 34 made 
sample locations like Bison OF 2 and 3 have relatively significant changes in energy 
from each reaction, in this case less available energy for Reaction 34 than 33.  
 
Reaction 35 
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Figure A.19. Energy availability for Reaction 35. It yields a maximum energy of 0.000018 cal kg-
1 at Figure 8 OF 4 (T = 43.7°C, pH = 6.5) followed by 0.000013 cal kg-1 at Figure 8 OF 2 (T = 
58.8°C, pH = 5.8). 
Reaction 35 yields the lowest amount of energy of all 58 reactions included in this 
study. The most energy available is 0.000018 cal kg
-1
 at Figure 8 OF 4, which is below 
the photosynthetic fringe. The energetic differences between Reaction 35 and Reactions 
33 and 34 are due more to the changes in dissolved inorganic carbon species; the higher 
energy availability for Reaction 35 at alkaline systems is in contrast with the protons 
needed, which are more readily available in acidic systems. In this case, then, the protons 
were not the limiting reactant, but rather the appropriate form of DIC. 
 
Reaction 36 
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Figure A.20. Energy availability for Reaction 36. It yields a maximum energy of 0.00027 cal kg-1 
at Figure 8 OF 1 (T = 64.1°C, pH = 5.2) followed closely by 0.00025 cal kg-1 at Bison OF 3 (T = 
68.0°C, pH = 8.3). 
The greatest energy available from Reaction 36 at a single site is 0.00027 cal kg
-1
 
at Figure 8 OF 1, the site with the highest available energy for Reactions 33 and 34 as 
well. The second highest energy from Reaction 36 is at the sample locations below the 
photosynthetic fringe of the Bison Pool system, the highest at Bison OF 3 (0.00025 cal 
kg
-1
). Reaction 36 being most similar to Reaction 33 is likely because neither requires 
protons on the reactant side of the equations. 
 
Reactions 37-39  
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Three forms of CO disproportionation to methane and fully oxidized carbon are 
represented by Reaction 37 (CO disproportionation to methane and CO2), Reaction 38 
(CO disproportionation to methane and bicarbonate), and Reaction 39 (CO 
disproportionation to methane and the carbonate ion), all of which yield almost identical 
energies at all 46 sample locations. The greatest energies available from all three are 
0.0025 cal kg
-1
 at Peekaboo OF 1, which is above the photosynthetic fringe, 0.0021 cal 
kg
-1
 at Mound OF 2, which is at the photosynthetic fringe, and 0.0019 cal kg
-1
 at Empress 
OF 3, which is below the photosynthetic fringe. There are currently no known CO 
disproportionating microbes, but these reactions were included to demonstrate the 
energetic availability of such a metabolism.  
 
Figure A.21. Energy availability for Reactions 37-39. They yield a maximum energy of 0.0025 
cal kg-1 at Peekaboo OF 1 (T = 78.2°C, pH = 9.0) followed by 0.0021 cal kg-1 at Mound OF 2 (T = 
64.6°C, pH = 9.0) and 0.0019 cal kg-1 at Empress OF 3 (T = 50.0°C, pH = 8.0). 
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Figure A.22. Energy availability for Reactions 40-42. They yield maximum energies of 0.0024 
cal kg-1 at Peekaboo OF 1 (T = 78.2°C, pH = 9.0), 0.0021 cal kg-1 at Bison Source (T = 92.2°C, 
pH = 7.6), and 0.0021 cal kg-1 at Mound OF 2 (T = 64.6°C, pH = 9.0). 
Reactions 40-42 
 
 
 
 
 
 
 
 
 
 
 
 
Three forms of CO oxidation to fully oxidized carbon are represented by Reaction 
40 (CO oxidation to CO2), Reaction 41 (CO oxidation to bicarbonate), and Reaction 42 
(CO oxidation to the carbonate ion). The greatest energies available from all three are 
0.0024 cal kg
-1
 at Peekaboo OF 1, which is above the photosynthetic fringe, 0.0021 cal 
kg
-1
 at Bison Source, and 0.0021 cal kg
-1
 at Mound OF 2, which is at the photosynthetic 
fringe.  
 
Reaction 43 
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Figure A.23. Energy availability for Reaction 43. It yields maximum energies of 0.0016 cal kg-1 
at Figure 8 OF 1 (T = 64.1°C, pH = 5.2) and 0.0015 cal kg-1 at Cyanidium Falls OF 3 (T = 
50.3°C, pH = 1.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
The greatest energy available at a single site from Reaction 43 is 0.0016 cal kg
-1
 
at Figure 8 OF 1. The next highest energies from Reaction 43 are 0.0015 cal kg
-1
 at 
Cyanidium Falls OF 3 and 0.0014 cal kg
-1
 at Crater Hills Geyser OF 3, which are both 
below the photosynthetic fringes in their respective systems. There were no documented 
taxa in these locations known to couple CO oxidation with sulfate reduction.  
 
Reaction 44 
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Figure A.24. Energy availability for Reaction 43. It yields maximum energies of 0.0016 cal kg-1 
at Figure 8 OF 1 (T = 64.1°C, pH = 5.2) and 0.0015 cal kg-1 at Cyanidium Falls OF 3 (T = 
50.3°C, pH = 1.9). 
 
 
Reaction 44 differs from Reaction 43 only in the number of protons used and the 
sulfide species produced, yet the energies at some of the sample locations changes. The 
highest energies from Reaction 44 are still 0.0016 cal kg
-1
 at Figure 8 OF 1, 0.0015 cal 
kg
-1
 at Cyanidium Falls OF 3, and 0.0014 cal kg
-1
 at Crater Hills Geyser OF 3. However, 
energy available from Reaction 44 is double that of Reaction 43 at Bison Source, 
indicating an energy change dependent on the concentration of protons. 
 
Reactions 45-48 
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Figure A.25. Energy availability for Reactions 45-48. They yield maximum energies in the 
Bison Pool System, the highest being 0.0022 cal kg-1 at OF 2 (T = 69.3°C, pH = 8.2). 
 
  
 
 
 
 
 
 
 
 Four forms of CO oxidation with sulfate to fully oxidized carbon are represented 
by Figure A.25. Similar energies for Reactions 45-48 are available at four sample 
locations: 0.0022 cal kg
-1
 at Bison Of 2, Bison Source, and Mound OF 2, and 0.0021 cal 
kg
-1
 at Empress OF 3. Compared to the similar Reaction 43 and Reaction 44, the higher 
energy available in more alkaline systems from Reactions 45 through 48 is due to their 
not needing a proton. Again, there were no documented taxa in these locations known to 
couple CO oxidation with sulfate reduction.  
 
Reaction 49 
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Figure A.26. Energy availability for Reaction 49. It yields maximum energies in the Mound 
Spring system, the highest being 0.00074 cal kg-1 at OF 1 (T = 67.9°C, pH = 9.0). 
 Reaction 49, although it uses H2S as a reductant, produces the most (albeit very 
little) energy in the alkaline systems, even though bisulfide tends to be the more 
dominant species at high pH. The Mound Spring system hosts the most of this energy of 
any of the systems, with energy availabilities of 0.00074 cal kg
-1 
at OF 1, 0.00066 cal kg
-1 
at OF 2, and 0.00068 cal kg
-1 
at OF 3. There are also relatively high energies from 
Reaction 49 at Bison OF 0.5 (0.00068 cal kg
-1
), Old Blue Eyes OF 1 (0.00065 cal kg
-1
), 
and Empress OF 3 (0.00064 cal kg
-1
). Notice that the reverse reaction, methane oxidation 
with sulfate, yields energy at Crater Hills Geyser, Golidlocks, Mojito, and Cyanidium 
Falls. 
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Reaction 50 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction 50 uses bisulfide as a reductant, so most of the energy available being at 
alkaline sites makes more sense than Reaction 49. The most energy available for 
Reaction 50 (0.0019 cal kg
-1
) is also at Mound, though at OF 2 with this reaction. 
Available energies for reaction 50 are an order of magnitude higher than those for 
Reaction 49, indicating the predominance of bisulfide over H2S. Once again, the reverse 
reaction for Reaction 50 yields energy at Crater Hills Geyser, Golidlocks, Mojito, and 
Cyanidium Falls. 
 
Reactions 51 and 52 
Figure A.27. Energy availability for Reaction 50. It yields a maximum energy of 0.0019 cal kg-1 
at Mound OF 2 (T = 64.6°C, pH = 9.0). 
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Figure A.28. Energy availability for Reaction 51. It yields a maximum energy of 0.0048 cal kg-1 
at Figure 8 OF 1 (T = 64.1°C, pH = 5.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The highest energy for Reaction 51, 0.0048 cal kg
-1
, is available at Figure 8 OF 1. 
The next highest energies are 0.0043 cal kg
-1
 at Mojito OF 4,  0.0038 cal kg
-1
 at Figure 8 
OF 2, and 0.0038 cal kg
-1
 at Cyanidium Falls OF 3. There were no detected taxa in these 
locations known to couple CO oxidation with sulfate reduction.  
 
Reaction 52 
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Like Reaction 51, the highest energy available from Reaction 52 is 0.0048 cal kg
-1
 
at Figure 8 OF 1. The change in protons from Reaction 51 to 52 made more energy 
available for alkaline sample locations like Bison Source, which doubled from 0.0016 cal 
kg
-1
 to 0.0032 cal kg
-1
. In this case, the protons are the limiting reactant, and this doubling 
of energy is due to halving the number of protons necessary in the reaction.  
 
Reactions 53-56 
 
 
Figure A.29. Energy availability for Reaction 52. It yields a maximum energy of 0.0048 cal kg-1 
at Figure 8 OF 1 (T = 64.1°C, pH = 5.2). 
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Figure A.30. Energy availability for Reactions 53 through 56. They yield the most energy in the 
Bison Pool system, the highest being 0.0070 cal kg-1 at Bison Source (T = 92.2°C, pH = 7.6). 
 
 
Reactions 53 through 56 yield more energy than Reactions 51 and 52 in the 
alkaline systems because no protons are used. The highest energy availability is 0.0073 
cal kg
-1 
at Peekaboo OF 1. However, the Bison Pool system as a whole hosts the most of 
the energy from these reactions of any of the systems, with energy availabilities of 0.0070 
cal kg
-1 
at the source, 0.0064 cal kg
-1 
at OF 2, and 0.0059 cal kg
-1 
at OF 1. There are also 
relatively high energies from Reactions 53 through 56 at Mound OF 2 (0.0062 cal kg
-1
) 
and Empress OF 3 (0.0060 cal kg
-1
).  
 
Reactions 57 and 58 
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The highest energy availability from Reactions 57 and 58 is 0.012 cal kg
-1 
at 
Mojito OF 1, followed by 0.010 cal kg
-1 
at Mojito OF 4 and Cyanidium Falls OF 1. 
Although there is a three proton difference between these two reactions, the differences 
between their energies is minimal because the relatively large stoichiometry of the other 
reactants makes concentrations of methane, an already low-abundance dissolved gas, 
more significantly limiting on reaction progress. 
 
 
Figure A.31. Energy availability for Reactions 57 and 58. They yield a maximum energy of 
0.012 cal kg-1 at Mojito OF 1 (T = 74.0°C, pH = 2.4). 
